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Abstract
Gametogenesis is a complex process that results in a highly differentiated gamete capable of
transmitting genetic and epigenetic information to the next generation. In the cases of mammalian
spermatogenesis and yeast sporulation, an extreme post-meiotic compaction of the genome is key to
gamete function. While genome compaction in sperm is reliant upon a histone-to-protamine transition,
yeast spores accomplish compaction with a full complement of histones. Although the mechanisms
behind such striking chromatin dynamics are largely unknown, several histone variants and posttranslational modifications, especially acetylation of histone H4, have been implicated in these processes.
The following studies elucidate the roles of two proteins, BRD4 and the linker histone (Hho1), in chromatin
compaction during mouse spermatogenesis and yeast sporulation, respectively. In the post-meiotic
phase of mouse spermatogenesis, BRD4 forms a ring structure around the haploid nucleus at the
cytoskeletal base of the developing acrosome, which has been implicated in nuclear compaction and
shaping. Chromatin immunoprecipitation followed by mass spectrometry and sequencing in post-meiotic
cells revealed that BRD4, a bromodomain-containing protein, binds to acetylated histone H4 and is
enriched in intergenic regions of the genome where histone replacement by protamines is most
predominant in mature sperm. Thus, BRD4 may provide a structural link between the contractile force of
acrosome formation and the removal of acetylated histones from the genome. In contrast to sperm,
spores must use a histone-based chromatin compaction mechanism. During sporulation, Hho1 plays a
dual role: transcriptional repression and nuclear compaction. Hho1 is depleted during meiosis and
enriched in post-meiotic spore chromatin. Moreover, Hho1 shows a high genome-wide binding correlation
with Ume6, the master repressor of meiotic genes. Meiotic depletion of both of these proteins may lead
to the activation of key sporulation genes. In addition, knockout of HHO1 revealed its necessity in meiotic
progression and post-meiotic genome compaction. These data provide support to the interesting
hypothesis that protamines are evolutionarily derived from linker histones: Hho1 may play the role of
protamines in yeast. Taken together, these studies in mouse and yeast highlight the complexity of
mechanisms developed in diverse eukaryotic systems to facilitate the compaction of the gamete
genome.
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ABSTRACT
CHROMATIN COMPACTION AND GENOME REORGANIZATION DURING
SPERMATOGENESIS IN M. musculus AND SPORULATION IN S. cerevisiae
Jessica M. Bryant
Shelley L. Berger
Gametogenesis is a complex process that results in a highly differentiated gamete
capable of transmitting genetic and epigenetic information to the next generation. In the
cases of mammalian spermatogenesis and yeast sporulation, an extreme post-meiotic
compaction of the genome is key to gamete function. While genome compaction in
sperm is reliant upon a histone-to-protamine transition, yeast spores accomplish
compaction with a full complement of histones. Although the mechanisms behind such
striking chromatin dynamics are largely unknown, several histone variants and posttranslational modifications, especially acetylation of histone H4, have been implicated in
these processes. The following studies elucidate the roles of two proteins, BRD4 and the
linker histone (Hho1), in chromatin compaction during mouse spermatogenesis and yeast
sporulation, respectively.
In the post-meiotic phase of mouse spermatogenesis, BRD4 forms a ring structure
around the haploid nucleus at the cytoskeletal base of the developing acrosome, which
has been implicated in nuclear compaction and shaping. Chromatin immunoprecipitation
followed by mass spectrometry and sequencing in post-meiotic cells revealed that BRD4,
a bromodomain-containing protein, binds to acetylated histone H4 and is enriched in
intergenic regions of the genome where histone replacement by protamines is most
predominant in mature sperm. Thus, BRD4 may provide a structural link between the
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contractile force of acrosome formation and the removal of acetylated histones from the
genome.
In contrast to sperm, spores must use a histone-based chromatin compaction
mechanism. During sporulation, Hho1 plays a dual role: transcriptional repression and
nuclear compaction. Hho1 is depleted during meiosis and enriched in post-meiotic spore
chromatin. Moreover, Hho1 shows a high genome-wide binding correlation with Ume6,
the master repressor of meiotic genes. Meiotic depletion of both of these proteins may
lead to the activation of key sporulation genes. In addition, knockout of HHO1 revealed
its necessity in meiotic progression and post-meiotic genome compaction. These data
provide support to the interesting hypothesis that protamines are evolutionarily derived
from linker histones: Hho1 may play the role of protamines in yeast. Taken together,
these studies in mouse and yeast highlight the complexity of mechanisms developed in
diverse eukaryotic systems to facilitate the compaction of the gamete genome.

	
  

	
   vi	
  

TABLE OF CONTENTS

ACKNOWLEDGMENT.................................................................................................... iii
ABSTRACT........................................................................................................................ v
LIST OF TABLES.............................................................................................................. x
LIST OF FIGURES ........................................................................................................... xi
CHAPTER ONE: Introduction ........................................................................................... 1
1.1 Chromatin ..................................................................................................................... 1
1.1.1 The nucleosome...................................................................................................... 1
1.1.2 Higher-order chromatin structure........................................................................... 3
1.1.3 Chromatin organization within the nucleus ........................................................... 6
1.2 Epigenetics.................................................................................................................... 7
1.2.1 Chromatin assembly and nucleosome remodeling................................................. 9
1.2.2 DNA methylation ................................................................................................. 12
1.2.3 Histone post-translational modifications.............................................................. 14
1.2.4 Histone variants.................................................................................................... 25
1.2.5 Epigenetic language and histone crosstalk........................................................... 27
1.3 Chromatin and gametogenesis .................................................................................... 30
1.3.1 Mammalian spermatogenesis ............................................................................... 30
1.3.2 Sporulation in S. cerevisiae.................................................................................. 47
CHAPTER TWO: BRD4 links chromatin reorganization and acrosome formation during
post-meiotic sperm development ...................................................................................... 52
2.1 Introduction................................................................................................................. 53
2.2 Results......................................................................................................................... 55
2.2.1 BRD4 forms a ring around the nucleus of spermatids as histones become hyperacetylated....................................................................................................................... 55
2.2.2 BRD4 associates with the acrosome and does not form a ring in Hrb-/- acrosomal
mutant mice ................................................................................................................... 58
2.2.3 BRD4 associates with poly-acetylated histone H4 and H3K9me3 in round
spermatids...................................................................................................................... 62
2.2.4 BRD4 is depleted from regions of the genome that are actively transcribed in
spermatids and retain histones in mature sperm............................................................ 65
	
  

	
   vii	
  

2.3 Discussion ................................................................................................................... 73
2.4 Materials and Methods................................................................................................ 79
2.4.1 Antibodies ............................................................................................................ 79
2.4.2 Mouse models ...................................................................................................... 80
2.4.3 Mouse spermatogenic cell fractionation .............................................................. 80
2.4.4 Western blot analysis ........................................................................................... 80
2.4.5 Immunofluorescence of cryosections of mouse testes ......................................... 81
2.4.6 Immunoprecipitation and mass spectrometry ...................................................... 82
2.4.7 ChIP-qPCR and ChIP-seq .................................................................................... 84
2.4.8 ChIP-seq data analysis ......................................................................................... 85
2.5 Tables.......................................................................................................................... 88
CHAPTER THREE: The linker histone plays a dual role during gametogenesis in S.
cerevisiae .......................................................................................................................... 91
3.1 Introduction................................................................................................................. 92
3.2 Results......................................................................................................................... 94
3.2.1 Differential analysis of spore chromatin and identification of Hho1................... 94
3.2.2 Hho1 is depleted in meiotic yeast and enriched in mature spores ....................... 97
3.2.3 Hho1 helps to compact the spore nucleus late in sporulation ............................ 100
3.2.4 Hho1 binds linker DNA and helps to compact the spore nucleus by increased
binding genome-wide.................................................................................................. 102
3.2.5 Hho1 is required for efficient sporulation and plays a role in the progression of
meiosis......................................................................................................................... 106
3.2.6 Hho1 and Ume6 are depleted during meiosis and show a high genome-wide
binding correlation ...................................................................................................... 108
3.2.7 Hho1 enrichment at meiotic gene promoters is Ume6-dependent ..................... 111
3.3 Discussion ................................................................................................................. 114
3.4 Materials and Methods.............................................................................................. 120
3.4.1 Antibodies .......................................................................................................... 120
3.4.2 Yeast strain construction .................................................................................... 120
3.4.3 Sporulation induction and spore analysis........................................................... 120
3.4.4 Purification of chromatin in yeast and spores .................................................... 121
3.4.5 Yeast whole cell extract preparation and western blot analysis......................... 122
3.4.6 RNA analysis...................................................................................................... 123
3.4.7 Chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR). 123
3.4.8 Chromatin immunoprecipitation followed by sequencing (ChIP-seq) .............. 124
3.4.9 ChIP-chip data analysis...................................................................................... 125
3.5 Tables........................................................................................................................ 126
	
  

	
  viii	
  

CHAPTER FOUR: Discussion and Future Directions ................................................... 128
4.1 The role of BRD4, the acrosome, and histone hyper-acetylation during mammalian
spermiogenesis................................................................................................................ 128
4.2 Hho1 and chromatin compaction during yeast sporulation ...................................... 132
REFERENCES ............................................................................................................... 136	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
   ix	
  

LIST OF TABLES
Page
1.1 DNA modifications and associated functions……………………………………......12
1.2 Selection of histone PTMs and associated functions…………………………….......15
1.3 Histone variants and their functions…………………………………………………26
2.1 Mass spectrometry analysis of BRD4-immunoprecipitated histones from mouse
embryonic fibroblasts and round spermatids………………………………...…...88-89
2.2 Spermatid ChIP-seq data alignment information………………...……………...…...89
2.3 Genome-wide ChIP-seq correlation in round spermatids…………………………....90
2.4 Statistical significance of ChIP-seq enrichment in round spermatids at regions most
enriched for retained versus evicted histones in mature sperm……………………...90
3.1 Yeast strains…………………………………………..…………………………….126
3.2 Yeast Primers……………..……………………..……………………………..126-127

	
  

	
   x	
  

LIST OF FIGURES
Page
1.1 Atomic structure of the core histones, linker histone, and nucleosome………………2
1.2 Different levels of chromatin structure visualized by electron micrograph………......4
1.3 The organization of DNA within the chromatin structure…………………………....5
1.4 Waddington’s epigenetic landscape………………..………………..…………….….7
1.5 Model for activation and repression………………..………………..……………......8
1.6 The different outcomes of chromatin remodeling………………..……………….…11
1.7 Genomic imprinting over the course of development………………..……………....13
1.8 Post-translational modifications of human nucleosomal histones…………………...14
1.9 Functional mechanisms of transcriptional activation by CBP/p300………………....19
1.10 Genome-wide distribution pattern of histone modifications from a transcription
perspective………………..………………..………………..………………………22
1.11 Histone modification crosstalk………………..………………..……………….….27
1.12 Model for the involvement of demethylases/methyltransferases in transcriptional
regulation of developmental genes………………..………………..……………….29
1.13 Spermatogenesis in the testes………………..………………..………………….…31
1.14 Representation of tubule sections at the 12 stages of the mouse seminiferous
epithelium………………..………………..………………..……………………….34
1.15 Chromatin components during spermatogenesis………………..…………….……36
1.16 Role of exogenous and endogenous clutching forces and aspects of intramanchette
transport operating during the elongation of the spermatid head…………………...44
1.17 Chromatin remodeling and epigenetic modifications in human sperm………….…46
1.18 Sporulation overview………………..………………..………………..…………...48
	
  

	
   xi	
  

Page
1.19 Transcription regulation during sporulation………………..……………………....50
2.1 BRD4 forms a ring around the nucleus of spermatids as histones become hyperacetylated………………..………………..………………..………………………..57
2.2 BRD4 associates with the acrosome and does not form a ring in Hrb-/- acrosomal
mutant mice………………..………………..………………..…………………..…61
2.3 BRD4 associates with poly-acetylated histone H4 and H3K9me3 in round
spermatids………………..………………..………………..………………..……...63
2.4 Validation of ChIP-seq methods………………..………………..…………………..66
2.5 BRD4 is depleted from regions of the genome that are actively transcribed in
spermatids………………..………………..………………..……………………….68
2.6 In round spermatids, BRD4 is enriched in intergenic regions where histones will be
largely evicted in mature sperm……………….………………..……………….71-72
2.7 BRD4 forms a link between the acroplaxome and the chromatin of spermatids…….75
3.1 Differential analysis of spore chromatin and identification of Hho1………………..96
3.2 Hho1 is depleted in meiotic yeast and enriched in mature spores………………..98-99
3.3 Hho1 helps to compact the nucleus late in sporulation……………………………..101
3.4 Hho1 binds linker DNA and helps to compact the spore nucleus by increased binding
genome-wide………………..………………..………………..………………..…105
3.5 Hho1 is required for efficient sporulation and plays a role in the progression of
meiosis………………..………………..………………..…………………………107
3.6 Hho1 and Ume6 are depleted during meiosis and show a high genome-wide binding
correlation………………..………………..………………..……………………...110
3.7 Hho1 enrichment at meiotic gene promoters is Ume6-dependent………………….113
	
  

	
   xii	
  

CHAPTER ONE
INTRODUCTION
1.1 Chromatin
A somatic human cell contains three megabases of DNA that, if stretched out in a
straight line, would reach approximately two meters in length. When one considers that
the average diameter of the nucleus of a human cell is 10µm, it becomes clear that DNA
must be compacted to fit within the nucleus in a manner that still allows for all associated
functions – transcription, DNA replication and repair, mitosis, etc. – to take place. Since
the work of Johannes Friedrich Miescher and Albrecht Kossel in the late 19th century, it
has been known that eukaryotic nucleic acid is closely associated with basic proteins
called histones (Kossel, 1911; Miescher, 1871). Over a century later, the regulation of
cell identity and function through chromatin, or the complex of DNA and associated
proteins, has only begun to be elucidated.
1.1.1 The nucleosome
Several discoveries in the 1970s revealed the basic unit of chromatin
organization: the nucleosome. The nucleosome is made of ~146 base pairs (bp) of DNA
wrapped ~1.65 times around a histone octamer, which is comprised of two copies each of
four core histone proteins – H2A, H2B, H3, and H4 (Fig. 1.1) (Kornberg, 1974; Olins &
Olins, 1974; Oudet et al, 1975; Sahasrabuddhe & Van Holde, 1974; Williamson, 1970).
Each core histone is evolutionarily conserved, relatively small (100-130 amino acids),
and basic, containing many arginine and lysine residues that interact with the negatively
charged DNA phosphate backbone. There is no contact between histones and the DNA
bases; thus no general sequence specificity exists in nucleosome positioning on the DNA.
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Figure 1.1 Atomic structure of the core histones, linker histone, and nucleosome
(A) A tetramer of H3 (green) and H4 (yellow). (B) A dimer of H2A (red) and H2B (pink). (C) The linker
histone has a conserved wing helix fold; the variant H5 is shown. The N- and C-terminal tails of linker
histones are disordered and consist of numerous lysines and serines; the amino acid sequence
corresponding to a human H1 is shown. (D) Nucleosome core particle. Each strand of DNA is shown in a
different shade of blue. The DNA makes 1.7 turns around the histone octamer to form an overall particle
with a disk-like structure. Histones are colored as in (A) and (B). (Khorasanizadeh, 2004)
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All four core histones have a similar structure: a central globular “histone fold”
made of three alpha helices, flanked by unstructured amino- and carboxy-terminal “tails”.
The histone fold allows heterotetramerization of H3 and H4, to which two heterodimers
of H2A and H2B are added (Luger et al, 1997; Richmond & Davey, 2003). The DNA
wrapped around the globular domains of the histones forms a cylinder, from which the
unstructured amino-terminal histone tails protrude. This positioning of the histone tails
allows for extensive post-translational modification, the function of which will be
discussed later (Khorasanizadeh, 2004).
A fifth histone – H1 – binds to the nucleosome where the DNA enters and exits,
but has no contact with the core histones (Allan et al, 1980; Goytisolo et al, 1996; Zhou
et al, 1998). Eleven variants of H1, or the linker histone, exist in human and mouse:
H1.1-H1.5, H1°, HILS, H1t, H1T2, H1oo, and H1x (Izzo et al, 2008). Linker histones
are less evolutionarily conserved than the core histones, but in general have a lysine-rich
short amino-terminus, a central globular domain, and an unstructured carboxy-terminus
(Fig. 1.1). When bound to the DNA entry/exit point of the nucleosome, the linker histone
is able to interact with neighboring nucleosomes via its tails, facilitating higher-order
chromatin structure (Bednar et al, 1998; Carruthers et al, 1998; Finch & Klug, 1976;
Thoma et al, 1979).
1.1.2 Higher-order chromatin structure
The nucleosome is the most basic level of chromatin structure; however, higher
levels of chromatin organization exist and have been visualized with various methods
such as electron microscopy and crystallography. The nucleosome unit is repeated at
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various intervals along DNA with ~10-80bp of “linker DNA” between nucleosomes,
forming an 11nm “beads on a string” fiber structure (Fig. 1.2A,B) (Olins & Olins, 2003).
This structure can be further compacted into a 30nm fiber that is stabilized by the
presence of the linker histone (Fig. 1.2C). The exact structure of the 30nm fiber is the
subject of much debate, and even less is known about how this fiber can be further
compacted. Loops of chromatin fibers have been observed during interphase, and
extremely compact metaphase chromosomes can be visualized during mitosis (Fig. 1.3).

Figure 1.2 Different levels of chromatin structure visualized by electron micrograph
(A) Low ionic-strength chromatin spread, the “beads on a string”. Size marker: 30nm. (B) Isolated
mononucleosomes derived from nuclease-digested chromatin. Size marker: 10nm. (C) Chromatin spread
at a moderate ionic strength to maintain the 30-nm higher-order fibre. Size marker: 50nm. (Olins & Olins,
2003)
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Figure 1.3 The organization of DNA within the chromatin structure
The lowest level of organization is the nucleosome, in which two superhelical turns of DNA (a total of 165
base pairs) are wound around the outside of a histone octamer. Nucleosomes are connected to one another
by short stretches of linker DNA. At the next level of organization the string of nucleosomes is folded into
a fibre about 30nm in diameter, and these fibres are then further folded into higher-order structures. At
levels of structure beyond the nucleosome the details of folding are still uncertain. (Felsenfeld & Groudine,
2003)
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1.1.3 Chromatin organization within the nucleus
The level of chromatin compaction affects the extent of DNA, and thus gene,
accessibility to proteins involved in transcription, DNA repair and recombination, and
mitosis [reviewed in (Zhou et al, 2011)]. Euchromatin is chromatin that adopts a loose
structure and is associated with active gene transcription. Heterochromatin is dense,
compact chromatin that is associated with transcriptional repression. Two types of
heterochromatin exist: facultative and constitutive. Facultative heterochromatin is
compact and transcriptionally repressive, but can be reversed to a state of euchromatin as
needed; for example, as genes are activated at different stages of development.
Constitutive heterochromatin is a relatively permanent state of compaction, associated
with regions of highly repetitive DNA such as the centromeres and pericentromeres.
In addition to local structure, chromatin is organized into different distinct
compartments within the nucleus [reviewed in (Taddei et al, 2004)]. The nucleolus is a
region at the center of the nucleus where ribosomal genes are transcribed. Centromeres
and pericentromeres tend to cluster into a dense region within the nucleus called a
chromocenter, especially in mammalian cells. Telomere clustering can be seen at the
nuclear envelope during meiosis in most species and in mitotically dividing yeast and
some parasites; however, in dividing mammalian cells, telomeres are randomly
distributed throughout the nucleus. It is believed that the nuclear envelope and its
chromatin-associated proteins serve chromatin organizing functions and are, in general,
associated with transcriptional repression. Conversely, gene-rich, actively transcribed
DNA tends to be located at the center of the nucleus. Thus, level of chromatin
compaction and its location within the nucleus affect the function of associated DNA.
	
  

	
   6	
  

1.2 Epigenetics
With the advent of epigenetics came the realization that chromatin is not just an
inert DNA scaffold, but a regulatory medium between the DNA and the extra-nuclear
milieu. The term “epigenetics” was originally coined by Conrad Waddington in an
attempt to understand cellular phenomena that could not be explained by traditional
genetic principles (Fig. 1.4) (Waddington, 1957). Central to the field of epigenetics is the
question of how, during development, one cell is able to divide and differentiate into
many phenotypically distinct, but genetically identical cell types. Thus, epigenetics is the
study of a change in gene expression or cellular phenotype that is stably inherited (via
mitosis or meiosis) by a cell and that is not associated with changes in DNA sequence
(Goldberg et al, 2007). Although many cellular phenomena may be considered
“epigenetic,” the primary focus of the field has been on chromatin-related epigenetics.
The epigenome is the combination of all epigenetic features of a cell that help define
cellular identity and function by regulating chromatin structure and gene expression.

Figure 1.4 Waddington’s epigenetic landscape
Conrad Waddington used the concept of the epigenetic landscape to describe the process by which a cell,
pictured here as a ball, may follow many different paths of differentiation during development.
(Waddington, 1957)
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Chromatin plays an important role in many nuclear processes including DNA
replication, repair, and gene expression, which are all highly regulated. Transcriptional
activation requires the binding of general and specific transcription factors and coactivators to gene promoters and enhancers to facilitate the binding, initiation, and
elongation of RNA polymerase (RNAPII) (Fig. 1.5b). Transcriptional repression requires
a different set of transcription factors and their associated co-repressors to make genes
inaccessible to RNAPII via chromatin structure (Fig. 1.5a). Nucleosome positioning,
DNA modifications, histone post-translational modifications (PTM), and histone variants
affect chromatin structure and gene transcription, and thus, cell identity.

Figure 1.5 Model for activation and repression
(a) In the off state, the DNA-bound repressor (REP) at the upstream repressor site (URS) recruits negative
modifiers, such as histone deacetylase (HDAC), which remove acetyl (ac) groups from histones. (b) In the
on state, DNA-bound activator (ACT) at the upstream activator site (UAS) recruits positive modifiers, such
as histone acetylases (HAT), at the promoter, while DNA-bound RNA polymerase (POL) recruits histone
methylases at the ORF. Early during elongation, the C-terminal domain (CTD) polymerase repeat is
phosphorylated at serine 5 (S5ph), leading to recruitment of the COMPASS complex (Set1, part of the
COMPASS complex, methylates H3K4) and DOT1 (which methylates H3K79). Later in elongation the
CTD repeat is phosphorylated at serine 2 (S2ph), leading to recruitment of Set2 (which methylates H3K36).
(Berger, 2007)
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1.2.1 Chromatin assembly and nucleosome remodeling
The chromatin-based organization of the eukaryotic genome poses several
problems for the cell. First, the epigenome must be faithfully copied during DNA
replication and cell division. Second, the transcriptional and DNA repair machinery must
have access to DNA that is at the least stably complexed with nucleosomes and at the
most embedded in higher-order chromatin structures. During DNA replication,
transcription, and damage repair, histones must be removed and then replaced in a
manner that preserves genome integrity and epigenetic signature. Chromatin is thus
dynamic and able to respond to different cellular cues with the help of histone chaperones
and nucleosome remodelers (Becker & Workman, 2013).
Because histones are so basic in charge, they are insoluble in physiological
contexts and must be bound to proteins called histone chaperones when they are not
complexed with DNA. Different chaperones bind to different histones and facilitate their
proper incorporation into the nucleosome. For example, several different players are
involved in the disassembly and re-assembly of nucleosomes at the DNA replication fork.
Components of the CAF1 complex act to import newly synthesized histones H3 and H4
from the cytoplasm and deposit them onto replicated DNA in the form of dimers (Loyola
& Almouzni, 2004). The preference of CAF1 for H3/H4 dimers may permit the copying
of epigenetic information from the “old” nucleosome before the replication fork to the
two “new” nucleosomes after the replications fork, each containing one newly
synthesized H3/H4 dimer and one H3/H4 dimer from the old nucleosome (Tagami et al,
2004; Verreault et al, 1996). ASF1 is another H3/H4 chaperone involved in histone
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deposition during DNA replication; however, it has also been shown to be involved in
DNA damage repair and transcription (Ehrenhofer-Murray, 2004).
A different set of histone chaperones is required for H2A/H2B assembly into the
nucleosome. The NAP protein family provides chaperones for H2A/H2B dimers. NAP1
escorts H2A/H2B from the cytoplasm to the nucleus and helps to assemble them onto the
chromatin during DNA replication (Mosammaparast et al, 2002; Okuwaki et al, 2005).
The FACT complex also binds to H2A and H2B, and it associates with DNA polymerase
during DNA replication to remove and replace these histones (Wittmeyer & Formosa,
1997). FACT also facilitates H2A/H2B eviction and re-assembly as RNAPII passes
through and transcribes a gene (Belotserkovskaya et al, 2003; Pavri et al, 2006).
Once nucleosomes are incorporated onto the DNA by histone chaperones, they
are fairly stable (Luger & Richmond, 1998). Proteins called nucleosome remodelers use
energy from ATP hydrolysis to disrupt histone-DNA interactions in order to change the
position of a nucleosome along the DNA or to facilitate a change in composition of the
histone octamer (Becker & Workman, 2013). Thus, nucleosome remodelers can affect
cellular processes by establishing a regular spacing of nucleosomes along the DNA,
exposing DNA regulatory sequences to transcription factors, evicting histones from the
chromatin fiber, and incorporating histone variants into a nucleosome (Fig. 1.6).
There are four major families of remodeling factors in eukaryotes: SWI/SNF,
ISWI, NuRD/CHD, and INO80/SWR1 (Clapier & Cairns, 2009). SWI/SNF remodelers
are involved in transcriptional regulation, as they are able to reposition and/or evict
nucleosomes at the promoters of genes to facilitate binding of the transcriptional
machinery (Martens & Winston, 2003). Certain CHD remodelers promote transcription
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similarly to SWI/SNF remodelers; however, the NuRD complex is associated with strong
transcriptional repression (McDonel et al, 2009). In general, ISWI remodelers promote
the regular spacing of nucleosomes in the promoter and bodies of genes after they are
transcribed, preventing further transcription (Bartholomew, 2014). ISWI, as well as
INO80 remodelers are also involved in chromatin assembly and nucleosome spacing after
DNA replication and DNA damage repair (Vincent et al, 2008). SWR1 is the only
remodeler able to incorporate the H2A.Z variant into a nucleosome, which affects
nucleosome structure and transcription (Morrison & Shen, 2009). It is important to note
that the specific actions of histone chaperones and nucleosome remodelers are often
regulated by chromatin-related cofactors such as histone modifiers (discussed later).

Figure 1.6 The different outcomes of chromatin remodeling
Remodelers (green) can assist in chromatin assembly by moving already deposited histone octamers,
generating room for additional deposition (a). Remodeler action on a nucleosome array results in various
products that can be classified in two categories: (b) site exposure, in which a site (red) for a DNA-binding
protein (DBP), initially occluded by the histone octamer, becomes accessible by nucleosomal sliding
(repositioning), or nucleosomal eviction (ejection), or localized unwrapping, and (c) altered composition, in
which the nucleosome content is modified by dimer replacement [exchange of H2A-H2B dimer with an
alternative dimer containing a histone variant (blue)] or through dimer ejection. (Clapier & Cairns, 2009)
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1.2.2 DNA methylation
DNA sequence itself can recruit sequence-specific binding factors to facilitate
genomic functions such as transcriptional activation or repression (Ptashne, 2005).
However, covalent modifications of individual DNA bases can affect how DNA-binding
factors interact with the genome. While several DNA modifications have been identified
in recent years, DNA methylation has emerged as an important epigenetic mark, as it is
stable, heritable, and plays an important role in development (Table 1.1).
In general, DNA methylation is associated with transcriptional repression, either
through prevention of transcription factor binding or recruitment of transcription factors
containing DNA methyl-binding domains (Klose & Bird, 2006; Watt & Molloy, 1988).
In addition to this general transcriptional role, DNA methylation is believed to be central
in the regulation of imprinted genes (Abramowitz & Bartolomei, 2012). While most
genes in the mammalian genome are expressed biallelically, imprinted genes are
expressed from only one allele in a parent-of-origin dependent manner.

Table 1.1 DNA modifications and associated functions (Rothbart & Strahl, 2014)

	
  

	
   12	
  

All 150 imprinted genes in the mouse genome contain DNA methylation at either
the maternal or the paternal allele, suggesting that DNA methylation is key to modulating
imprinted gene expression. This pattern of DNA methylation is established during
gametogenesis and remains stable in the somatic cells of the zygote (Fig. 1.7).
Imprinting is believed to be key to development, as zygotes created with two maternal
nuclei or two paternal nuclei fail to develop into embryos (McGrath & Solter, 1984;
Surani et al, 1984).

	
  
Figure 1.7 Genomic imprinting over the course of development
The parental allele expression displayed by imprinted genes is achieved by parent-of-origin-specific
epigenetic modifications (represented by orange lollipops) – chiefly, DNA methylation at key control
regions and/or histone modifications. This epigenetic marking results in differential reading by the
transcriptional machinery. As a consequence, the gene is expressed predominantly from one parental allele
(maternal in pink and paternal in blue). The epigenetic marks are erased and reset in the nascent germline
of each developing embryo. This inherited set of marks is then maintained in the somatic cell lineages of
the offspring, but in their germ cells the whole cycle is repeated once again. (Wilkinson et al, 2007)
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1.2.3 Histone post-translational modifications
Histone post-translational modifications (PTMs) – methylation, acetylation, and
phosphorylation – were first described in the 1960s (Allfrey et al, 1964; Gutierrez &
Hnilica, 1967). Since then, the list of known histone PTMs has grown, and insight into
their functional significance has been gained with the elucidation of the enzymes that
create (“writers”), bind to (“readers”), and remove (“erasers”) them (Table 1.2).
Although the histone tails that protrude from the nucleosome are the primary sites of
PTMs, the globular domains of the core histones can also be modified (Fig. 1.8). These
covalent modifications can directly affect how a nucleosome interacts with DNA and
neighboring nucleosomes, but can also provide specific binding sites for enzymes and
protein complexes that affect processes like transcription, replication, recombination, and
repair (Bannister & Kouzarides, 2011).

Figure 1.8 Post-translational modifications of human nucleosomal histones
The modifications include acetylation (ac), methylation (me), phosphorylation (ph) and ubiquitination
(ub1). Most of the known histone modifications occur on the N-terminal tails of histones, with some
exceptions including ubiquitination of the C-terminal tails of H2A and H2B and acetylation and
methylation of the globular domain of H3 at K56 and K79, respectively. Globular domains of each core
histone are represented as colored ovals. (Bhaumik et al, 2007)

	
  

	
   14	
  

Table 1.2 Selection of histone PTMs and associated functions (Rothbart & Strahl, 2014)
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1.2.3.1 Histone acetylation
Acetylation is found on lysine residues in the tails of all four core histones and in
the globular domain of histone H3 (Fig. 1.8). Enzymes called histone acetyl-transferases
(HATs) use acetyl CoA to transfer an acetyl group to the ε-amino group of lysine (Table
1.2). Because this reaction neutralizes the positive charge of the lysine side group,
acetylation in itself can weaken the interaction between histones and DNA, leading to
less compact chromatin that is more accessible to the transcriptional machinery. Indeed,
extent of histone acetylation at gene promoters is correlated with transcriptional activity
(Wang et al, 2008). The specific residue(s) that is acetylated on a histone tail, as well as
the extent to which a histone tail is acetylated both play a role in the function of histone
acetylation. Moreover, proteins containing acetyllysine-binding bromodomains also help
determine the function of this PTM. Importantly, histone acetylation is a highly dynamic
PTM that is regulated by the opposing activities of HATs and histone deacetylases
(HDACs).
There are two major classes of HATs: type-A and type-B. Type-B HATs are
mainly cytoplasmic and catalyze acetylation of free, newly synthesized histones on the
H4 tail and H3 globular domain. This acetylation “signature” on newly synthesized
histones is needed for proper incorporation into chromatin and is removed subsequently
(Parthun, 2007). In contrast, type-A HATs are nuclear, often contain bromodomains, and
play roles in transcription regulation, DNA repair, and cell cycle progression.
Type-A HATs can be further divided into three superfamilies based on homology
and structure: GNAT, MYST, and CBP/p300 (Hodawadekar & Marmorstein, 2007). In
general, each of these classes of type-A HATs can modify different residues of histone
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tails and many have overlapping residue specificity; however, most exist in large multiprotein complexes that confer specificity to their enzymatic activity and function. Many
HATs are part of transcriptional coactivator complexes, which are recruited to DNA by
sequence-specific transcription factors and help initiate transcription by modifying the
local chromatin structure. However, several HATs play roles in other diverse nontranscriptional cellular processes.
The GNAT (Gcn5 N-acetyltransferase) family includes Gcn5, PCAF, Elp3, Hat1,
Hpa2, and Nut1. Gcn5 was one of the first HATs to be identified, and its function as a
member of the SAGA transcriptional coactivator complex has been studied in many
eukaryotes, from yeast to human (Brownell et al, 1996; Koutelou et al, 2010). The
SAGA complex is recruited to specific genes by transcriptional activators, where Gcn5
can bind to acetylated H3/H4 via its bromodomain and acetylate H3, preferentially at
residues K9 and K14 (Koutelou et al, 2010). This histone acetylation opens up the
chromatin, allowing for binding of more transcriptional activators and the pre-initiation
complex. SAGA can also move along the gene with RNAPII to acetylate and deubiquitinate (discussed later) histones, leading to their eviction and more efficient
transcriptional elongation (Govind et al, 2007).
Although it has been investigated most extensively in yeast, recent studies have
begun to elucidate the importance of Gcn5 and its homologue, PCAF, in higher
eukaryotic systems such as mammalian development and cancer. While PCAF null mice
develop normally, Gcn5 null embryos die at 10.5 days post coitum (d.p.c.) (Xu et al,
2000). However, double homozygous Gcn5 and PCAF null embryos die at 7.5 d.p.c.,
suggesting functional redundancy for these HATs during embryonic development
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(Yamauchi et al, 2000). In addition to development, Gcn5 and PCAF have also been
shown to play a role in regulating the oncogenic activity of c-Myc and the p53 tumor
suppressor, either through transcription-related histone acetylation or direct acetylation of
c-Myc (McMahon et al, 2000; Patel et al, 2004).
Gcn5 and PCAF also interact with p300/CBP in various transcriptional contexts
(Wang et al, 2013). CBP and p300 are highly similar paralogs that each contain a
bromodomain, HAT domain, and multiple transactivation domains (TADs), which
interact with various transcription factors, basal transcription machinery, and other
coactivators (Fig. 1.9) (Wang et al, 2013). CBP and p300 preferentially acetylate
H2BK12 and K15, H3K14 and K18, and H4K5 and K8 in vitro (Schiltz et al, 1999).
With a few exceptions, CBP and p300 are believed to have redundant functions in many
different processes from development to cancer (Kalkhoven, 2004).
The MYST family of HATs – MOZ, Ybf2 (Sas3), Sas2, and Tip60 – all contain
the highly conserved acetyltransferase MYST domain, but play very diverse cellular roles
(Thomas & Voss, 2007). In yeast, Sas2 is part of the SAS complex, which catalyzes
H4K16ac and is involved in gene transcription and prevention of the spread of
heterochromatin from the telomeres into neighboring genomic loci (Kimura et al, 2002;
Meijsing & Ehrenhofer-Murray, 2001; Osada et al, 2001; Suka et al, 2002). Tip60 has
been implicated in transcriptional coactivation, but also in DNA repair, cell cycle
progression, and apoptosis via its interaction with ATM and p53 (Thomas & Voss, 2007).
In humans, MOF, a MYST HAT that is very similar to Tip60 and part of the MSL
complex, is primarily responsible for global H4K16 acetylation, the most highly
acetylated site in histone H4 (Smith et al, 2003; Smith et al, 2005).
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Histone deacetylases (HDACs) catalyze the opposite reaction of HATs: removal
of the acetyl group from the lysine residue. This reaction potentially stabilizes the
nucleosome, providing a more transcriptionally repressive chromatin structure. HDACs
are divided into four major classes: Class I contains enzymes most related to yeast Rpd3,
Class II contains enzymes most related to yeast Hda1, Class III (commonly referred to as
sirtuins) are homologous to yeast Sir2, and Class IV contains only HDA11 (Gallinari et
al, 2007). While class I, II, and IV HDACs have a Zn-dependent catalytic mechanism,
class III HDACs require NAD as a cofactor. Most HDACs are capable of deacetylating
multiple different histone residues, but like HATs, HDACs gain functional specificity by
association with different protein complexes.

Figure 1.9 Functional mechanisms of transcriptional activation by CBP/p300
CBP/p300 promotes transcriptional activity by recruiting transcriptional machinery to the promoter, and by
modifying chromatin structure to facilitate transcription. (a) CBP/p300 functions as a “bridge”, linking the
DNA-bound transcription factors (activators) to basal transcription machinery through direct interactions
with TFIID, TFIIB, and RNA Pol II, thus promoting pre-initiation complex (PIC) assembly. (b) CBP/p300
acetylates histones through its HAT domain, resulting in chromatin remodeling and relaxation of chromatin
structure to enable transcription. CBP/p300 also recruits the coactivators PCAF and GCN5. (Wang et al,
2013)
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Class I HDACs 1 and 2 are very similar in structure and are both part of the
ubiquitously expressed mSin3A, NURD, and CoREST corepressor complexes (Yang &
Seto, 2003). Class I HDAC3 is part of the SMRT and NCoR corepressors, which
function in transcriptional regulation by nuclear hormone receptors (Yang & Seto, 2003).
Class II HDACs 4, 5, 7, and 9 are expressed in specific tissues and are shuttled into and
out of the nucleus in a stimulus-dependent manner (Verdin et al, 2003). Deregulation of
many class I and II HDACs has been implicated in several human diseases, especially
cancer (Tang et al, 2013). Thus, HDACs have emerged as therapeutic targets, and many
HDAC inhibitors such as TSA, SAHA, and valproic acid have proven promising in
clinical trials.
Class III HDACs are categorized based on their similarity to yeast Sir2, which
was shown to promote genome stability by facilitating heterochromatinization at
repetitive loci such as telomeres (Bryk et al, 1997; Smith & Boeke, 1997). Seven sirtuins
have been identified in mammals: SIRT1-7 (Frye, 2000). These proteins have diverse
targets and are involved in many biological processes, but have been studied most
extensively with regard to their ability to promote health and longer lifespan (Haigis &
Sinclair, 2010).
1.2.3.2 Histone methylation
Histone methylation is somewhat more stable and complex than histone
acetylation, but unlike acetylation, it does not affect the charge of the histone (Bannister
& Kouzarides, 2011). Thus, it is believed that histone methylation functions primarily
via the recruitment of chromatin-related proteins that contain methyl-binding domains
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like chromo-, Tudor, PhD, MBT, and WD-40 domains (Wozniak & Strahl, 2014). Both
lysine and arginine residues can be methylated, but lysine can exist in a mono-, di-, or trimethylated state while arginine can be mono- or di-methylated in a symmetric or
asymmetric manner (Table 1.2) (Ng et al, 2009).
Histones are methylated by enzymes called histone methyltransferases (HMT),
which are further divided into lysine methyltransferases (HKMT) and protein arginine
methyltransferases (PRMT). Although HMTs are more specific than HATs with regard
to substrate residue, their enzymatic activity is also affected by association with
cofactors. With the exception of Dot1, all HKMTs contain a SET domain that catalyzes
the transfer of a methyl group from S-adenosylmethionine to the ε-amino group of a
lysine in the N-terminal tail of a histone. Similar to HMTs, histone lysine demethylases
exhibit residue and level of methylation-dependent activity, which is modulated by
various binding partners (Black et al, 2012). LSD1 demethylases use FAD as a cofactor
and can only demethylate mono- and di-methylated lysine. JmjC (jumonji) domaincontaining demethylases use Fe(II) and α-ketoglutarate as cofactors and are able to
demethylate tri-methylated lysine.
The different residues and levels of histone methylation have very distinct
functional outcomes (Fig. 1.10). In general, methylation of H3K4, K36, and K79 is
associated with euchromatin and methylation of H3K9 and K27 and H4K20 is associated
with heterochromatin. In addition, mono-, di-, and tri-methylation of some of these
histone residues are each associated with slightly different cellular processes. For
example, high levels of H3K4me1 mark enhancers of active genes while H3K4me3 is
enriched at the TSS of active genes (Barski et al, 2007; Hon et al, 2009; Schneider et al,
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2004). H3K36me3 is enriched over the gene body of transcribed genes (Bannister et al,
2005).

Figure 1.10 Genome-wide distribution pattern of histone modifications from a transcription
perspective
The distribution of histones and their modifications are mapped on an arbitrary gene relative to its promoter
(5′ IGR), ORF, and 3′ IGR. The curves represent the patterns that are determined via genome-wide
approaches. The squares indicate that the data are based on only a few case studies. With the exception of
the data on K9 and K27 methylation, most of the data are based on yeast genes. (Li et al, 2007a)
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Although the exact transcriptional mechanisms involving different methyl PTMs
are unclear in mammals, they have been elucidated extensively in yeast. In yeast, the
locations of enrichment of different methyl PTMs are determined by the association of
their “writers” with different forms of RNAPII: scSet1, which catalyzes H3K4me3, binds
to the initiating RNAPII (phosphorylated at serine 5 in its C-terminus) at the TSS of the
active gene while scSet2, which catalyzes H3K36me3, binds to the elongating RNAPII
(phosphorylated at serine 2 in its C-terminus) as it moves across the body of the gene (Ng
et al, 2003; Xiao et al, 2003). scYng1 then binds via a PhD domain to H3K4me3 and
recruits the scNuA4 HAT to the promoter, where it acetylates H3K14, leading to a more
open chromatin conformation (Taverna et al, 2006). H3K36me3 has been shown to
recruit the scRpd3 HDAC, which removes acetylation from histones as RNAPII passes,
preventing improper initiation of transcription within the body of the gene (Carrozza et
al, 2005; Li et al, 2007b). This interaction of different methyl and acetyl PTMs and their
readers and writers is just one example of histone PTM “crosstalk” (Bannister &
Kouzarides, 2011).
In contrast to the euchromatic methyl PTMs, the heterochromatic methyl PTMs
facilitate chromatin compaction and transcriptional repression. H3K27me3 is a key
component of facultative heterochromatin and is often found at the promoters of
transcriptionally repressed genes in mammals (Trojer & Reinberg, 2007). H3K27me3 is
catalyzed by the Ezh2 HKMT, which is part of the PRC2 complex. A different complex,
PRC1, binds to H3K27me3 and can directly compact chromatin (Simon & Kingston,
2009). In addition, components of the PRC2 complex bind to H3K27me3 via WD40
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domains, providing a positive feedback look and perpetuating the mark through DNA
replication (Hansen et al, 2008; Margueron et al, 2009).
Unlike facultative heterochromatin, constitutive heterochromatin such as exists at
centromeres and telomeres is marked by high levels of H3K9me3 (Trojer & Reinberg,
2007). Chromodomain-containing HP1 binds to H3K9me3 and facilitates chromatin
compaction, but it can also recruit SUV39, the H3K9 HKMT (Bannister et al, 2001;
Lachner et al, 2001). This feedback might explain the spreading of H3K9me3 and
chromatin compaction into broad regions that would intrude upon neighboring
euchromatin if left unchecked.
1.2.3.3 Histone phosphorylation
Histone phosphorylation is dynamic and controlled by kinases, which add the
PTM, and phosphatases, which remove it (Oki et al, 2007). Kinases catalyze the transfer
of a phosphate group from ATP to the hydroxyl group of serine, threonine, and tyrosine
residues, predominantly in the N-terminal histone tails. Serine phosphorylation can play
roles in gene regulation, DNA repair, and mitosis (Rothbart & Strahl, 2014). For
example, genome-wide phosphorylation of H3S10ph and H3S28ph by the Aurora-B
kinase is believed to play a role in chromosome compaction during mitosis (Goto et al,
2002; Sugiyama et al, 2002).
1.2.3.4 Histone ubiquitination
Whereas other histone modifications are relatively small compared to the size of
the histone itself, the ubiquitin PTM is a relatively large, 76-amino acid peptide. Three
different enzymes are required for the attachment of ubiquitin (usually mono) to a histone
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lysine residue: E1 activating, E2-conjugating, and E3-ligating enzymes (Hershko &
Ciechanover, 1998). Like acetylation, ubiquitination is dynamic and can affect the
inherent chromatin structure as well as provide a binding platform for proteins involved
in transcriptional regulation. Two well-characterized examples of histone ubiquitination
are H2AK119ub1, which plays a role in gene silencing via the Polycomb complex, and
H2BK123ub1, which functions in transcriptional initiation and elongation (Kim et al,
2009; Lee et al, 2007a; Wang et al, 2004).
1.2.4 Histone variants
In addition to the complexity of chromatin provided by histone PTMs, the
canonical histones H1, H2A, H2B, and H3 have non-allelic variant forms that affect
chromatin state when they are incorporated into nucleosomes (Skene & Henikoff, 2013).
The “canonical” histones are loaded onto chromatin in a DNA replication-dependent
manner. Their genes, which exist in multiple copies in the genome, are accordingly
expressed from tandem arrays at high levels during S phase of the cell cycle. The
resulting mRNAs do not have introns or poly(A) tails.
In contrast, histone variants are encoded by genes that usually exist in a single
copy. These genes can be expressed at any time during the cell cycle, and the resulting
mRNAs can have introns and a poly(A) tail. Some histone variants are very similar to
the corresponding canonical histone, but others are quite divergent (Malik & Henikoff,
2003). Incorporation of a histone variant, usually by a specific chaperone, not only has
the potential to alter the nucleosome and local chromatin structure, but can also erase
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information encoded in the PTMs on the replaced canonical histone. Consequently,
histone variants play roles in transcription, DNA repair, and mitosis (Table 1.3).
One example of a histone variant is the H3 variant CenH3 (or CENP-A), which is
incorporated into nucleosomes at the centromere (Falk & Black, 2013). It is believed that
CenH3 alters the chromatin structure in a way that defines the centromere and facilitates
kinetochore formation, subsequent microtubule attachment, and chromosome segregation
during mitosis and meiosis. Thus, CenH3 has emerged as a potentially important
epigenetic marker of an essential chromosomal feature.
The H2A variant H2A.X offers an example of a histone variant that is
incorporated ubiquitously in the genome throughout the cell cycle, but that is modified in
a specific context to perform its function. When a DNA double strand break occurs, the
kinases ATM and ATR phosphorylate serine 139 of H2A.X (γ-H2A.X) in the chromatin
regions flanking the break (Rogakou et al, 1999). γ-H2A.X then serves as a docking site
for many proteins involved in the DNA damage response (Paull et al, 2000).
Variant

Species

H10
Mouse
H5
Chicken
H1t
Mouse
MacroH2A Vertebrate
H2ABbd Vertebrate

Chromatin effect

Function

Chromatin condensation
Chromatin condensation
Open chromatin
Condensed chromatin
Open chromatin

Transcription repression
Transcription repression
Histone exchange, recombination?
X-chromosome inactivation
Transcription activation
DNA repair/recombination/transcription
repression
Transcription activation/repression,
chromosome segregation
Chromatin packaging
Kinetochore formation/function
Transcription

H2A.X

Ubiquitous

Condensed chromatin

H2A.Z

Ubiquitous

Open/closed chromatin

SpH2B
CenH3
H3.3

Sea urchin
Ubiquitous
Ubiquitous

Chromatin condensation
Open chromatin

Table 1.3 Histone variants and their functions (Kamakaka & Biggins, 2005)
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1.2.5 Epigenetic language and histone crosstalk
Because certain combinations of histone PTMs seemed to correlate strongly with
either transcriptional activation or repression, a hypothesis emerged in which a “histone
code” could be interpreted by a specific machinery to lead to different transcriptional
outcomes (Strahl & Allis, 2000). However, in the decade since the histone code was
proposed, chromatin regulation and function were found to be too complicated to
conform to a strict code. From DNA replication to repair, multiple chromatin features
interact in a complex spatio-temporal manner to achieve the desired outcome. For
example, the initiation of transcription alone often requires the combined action of HATs,
HKMTs, and nucleosome remodelers that read and write various histone PTMs. Thus,
the histone code has perhaps transformed into a nuanced epigenetic language (Lee et al,
2010). Part of the complexity of an epigenetic language is the crosstalk that takes place
between different histone modifications (Fig. 1.11) (Bannister & Kouzarides, 2011).

Figure 1.11 Histone modification crosstalk
Histone modifications can positively or negatively affect other modifications. A positive effect is indicated
by an arrowhead and a negative effect is indicated by a flat head. (Bannister & Kouzarides, 2011)
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Especially because many histone PTMs are added to lysine residues, there is often
competitive antagonism between modifications that occur on the same residue. In
addition, a histone PTM on one residue can affect the modification of another residue
either on the same histone tail (cis-regulation) or on a different histone tail (transregulation). Cis-regulation was first discovered when phosphorylation of H3S10 was
shown to enhance the ability of Gcn5 to acetylate H3K14 (Lo et al, 2000). Transregulation is seen during transcriptional activation in S. cerevisiae when tri-methylation
of H3K4 is dependent upon H2BK123ub (Lee et al, 2007a). Binding of a protein to a
histone PTM can be prevented by a PTM on a neighboring residue, such as when
phosphorylation of H3S10 prevents the binding of HP1 to H3K9me3 during mitosis
(Xhemalce & Kouzarides, 2010).
Another interesting example of histone crosstalk is the regulation of genes during
mammalian development. Several groups have described a phenomenon termed “histone
bivalency” at many developmentally controlled genes in embryonic stem cells (Azuara et
al, 2006; Bernstein et al, 2005). Bivalency refers to the presence of both an activating
PTM – H3K4me3 – and a repressive PTM – H3K27me3 – at the promoter of a gene.
This bivalent signature is believed to maintain a gene in a “poised” state of repression in
the pluripotent stem cells until it may need to be activated in a specific committed
developmental lineage. Indeed, it has been demonstrated that in embryonic stem cells,
the PRC2 complex associates with the Rbp2 H3K4me3 demethylase, which would
remove the activating mark if the gene were to remain repressed (Pasini et al, 2008).
Conversely, the MLL complex, which catalyzes the tri-methylation of H3K4, associates
with the H3K27me3 UTX demethylase (Lee et al, 2007b). Thus, the coordinated action
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of both repressive and activating histone PTMs and their associated complexes may
control the complex transcriptional changes that take place during mammalian
development (Fig. 1.12).
Ultimately, histone PTMs and other chromatin features all interact to specify
cellular identity through mammalian development via distinct transcriptional programs.
Although the field of epigenetic inheritance has focused primarily on transfer of the
epigenome through cell division, transgenerational epigenetics has emerged as an
exciting field focused on transfer of the epigenome from a parent organism to its
offspring. Integral to the field of transgenerational epigenetics is the study of the
establishment of the gamete epigenome.

Figure 1.12 Model for the involvement of demethylases/methyltransferases in transcriptional
regulation of developmental genes
Histone methyltransferases and demethylases are found in the same complex, which methylates one mark
while removing the opposing mark. The methylation pattern at a specific gene is determined by the
equilibrium between activities of the two opposing complexes, exemplified here by the activating
MLL2/UTX complex and the repressive PRC2/RBP2 complex. (Cloos et al, 2008)
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1.3 Chromatin and gametogenesis
Gametogenesis, or the formation of gametes, involves a fundamental
reprogramming of the epigenome in a way that allows for totipotency, or the ability to
create any cell type in the organism, of the zygote upon fertilization. Sporulation in yeast
and spermatogenesis in mammals both rely on a post-meiotic differentiation program that
results in a highly compact, transcriptionally silent spore or sperm, respectively. Central
to this compaction are dramatic chromatin changes that prepare the genome for reactivation during germination in yeast and fertilization in mammals. Key similarities and
differences exist between yeast sporulation and mammalian spermatogenesis, but both
have emerged as interesting models for the study of epigenetics.
1.3.1 Mammalian spermatogenesis
Mammalian spermatogenesis results in a highly differentiated cell type: the
sperm. Several defining features of the mature sperm are the near absence of cytoplasm,
the presence of a flagellum and acrosome, and an extremely compact nucleus that is
approximately 10-fold smaller in volume than the nucleus of a typical somatic cell. All
of these features serve to enhance the function of the sperm, which must preserve the
integrity of the genome (and epigenome) as it travels through the female reproductive
track to achieve fertilization of the egg.
1.3.1.1 Progression of spermatogenesis in the testes
Mammalian spermatogenesis takes place in the testes and more specifically, the
seminiferous tubules, which provide protection to spermatogenic cells from the immune
system via the blood-testes barrier. The seminiferous tubules contain germ cells as well
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as somatic support cells called Sertoli cells. Sertoli cells surround, support, and nurture
the developing germ cells. They also phagocytose degenerating germ cells and excess
cytoplasm shed by differentiating spermatids (discussed later). Spermatogenesis
progresses in a stratified manner within the tubule, beginning with stem-like
spermatogonia at the epithelium and ending with the release of spermatozoa into the
lumen of the tubule (Fig. 1.13). The ends of each tubule lead to the epididymis, where
the spermatozoa undergo further maturation before they are eventually ejaculated via the
vas deferens.

Figure 1.13 Spermatogenesis in the testes (“spermatogenesis,” Encyclopædia Britannica)
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Spermatogenesis can be divided into three major phases: 1) pre-meiotic, 2)
meiosis, and 3) post-meiotic differentiation. The pre-meiotic phase consists of stem-like
diploid germ cells called spermatogonia, which are located closest to the epithelium of
the seminiferous tubule. Type A spermatogonia proliferate by mitosis indefinitely to
provide a population of germ cells throughout the life of the male. Some type A
spermatogonia differentiate into type B spermatogonia, which then undergo mitosis once
more to produce diploid primary spermatocytes.
Spermatocytes are the germ cell type of the second phase of spermatogenesis:
meiosis. Meiosis is a complex process in which a diploid cell undergoes two divisions to
produce four genetically distinct haploid daughter cells. This process is divided into two
phases – meiosis I and II – that each have four successive steps: prophase, metaphase,
anaphase, and telophase.
Meiosis begins when primary spermatocytes enter into an extended prophase I,
which is divided into five stages: leptotene, zygotene, pachytene, diplotene, and
diakinesis. DNA replication takes place at the beginning of leptotene and is often
referred to as preleptotene. Chromosomes condense during leptotene and sister
chromatids become closely associated. During zygotene, homologous chromosomes
create pairs through synapsis, in which homologous DNA sequences are exactly
juxtaposed and stabilized in this way by synaptonemal complexes. Pachytene is when
chromosomal cross over occurs, which involves the exchange of homologous
chromosomal segments between non-sister homologous chromosomes. Chromosomal
cross over leads to genetic diversity in gametes and organisms, as DNA sequence is
exchanged between a paternal chromosome and a maternal chromosome. Chiasmata, or
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the regions of crossover, remain until anaphase, but the synaptonemal complex is
degraded during diplotene. The spermatocyte prepares for metaphase during diakinesis,
when the nuclear envelope is degraded and the meiotic spindle begins to form.
During metaphase I, homologous chromosomes line up along the metaphase plate
via attachment of microtubules from the spindle. Anaphase I leads to the separation of
homologous chromosomes to separate poles of the cell, which then undergoes cytokinesis
to form two secondary spermatocytes during telphase I. Secondary spermatocytes
undergo a short interphase without further replication of DNA. Meiosis II is similar to a
mitotic division and results in the separation of sister chromatids of each chromosome.
Thus, secondary spermatocytes give rise to spermatids.
The post-meiotic phase of spermatogenesis, or spermiogenesis, is the
differentiation of the spermatid into the spermatozoon. During spermiogenesis, the cell
and nuclear composition of the spermatid change dramatically. First, most of the
cytoplasm is shed through cytoplasmic droplets called residual bodies. This process is
coincidental with the development of a flagellum, which provides motility to the mature
sperm via a large collection of mitochondria that are stored at its base. In addition, the
Golgi apparatus differentiates into a lysosome-like vesicle called the acrosome. The
acrosome forms a cap over the nuclear envelope and contains the hydrolytic enzymes
required for fertilization. Finally, over the course of spermiogenesis, the nucleus is
elongated and compacted to a high degree.
Spermiogenesis is divided into three progressive phases that incorporate 16
different stages of spermatid differentiation in mouse (Fig. 1.14 bottom). Round
spermatids (stages 1-8) have a transcriptionally active round nucleus that is progressively
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capped by the acrosome. Elongating spermatids (stages 9-11) are characterized by their
elongating nucleus, in which transcription becomes largely inactive as the chromatin
condenses. Condensing spermatids (stages 12-16) have a highly compact nucleus capped
by a mature acrosome.

Figure 1.14 Representation of tubule sections at the 12 stages of the mouse seminiferous epithelium
(Top) The stage is given by the Roman numeral corresponding to the Arabic numeral of the step of the
younger generation of spermatids observed. Sertoli cells divide each stage. A type A
spermatogonium, In intermediate spermatogonium, B type B spermatogonium, Pl preleptotene
spermatocyte, L leptotene spermatocyte, Z zygotene spermatocyte, P pachytene
spermatocytes, D diakinesis, Mi meiotic divisions, S1–8 round spermatids, S9–11 elongating
spermatids, S12-16 late spermatids. (Bottom) Early, middle, and late spermatid nuclear morphology
(Meistrich & Hess, 2013)
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Spermatogenesis is temporally and spatially synchronized, and the entire process
from spermatogonia to spermatozoa takes approximately 35 days. Entry of
spermatogonia into the differentiation program takes place in waves of approximately 9
days along the length of the seminiferous tubule, but differentiating cells progress in an
epithelium-to-lumen manner. Thus, in any cross section of a tubule, one can find a
predictable combination of three to four different spermatogenic cell types (Fig. 1.14
top). These combinations have been divided into stages I-XII, and these stages can be
found in ascending order over the length of the tubule. For example, in stage I, one can
always find from epithelium to lumen: type A spermatogonium, pachytene spermatocyte,
round spermatid, and condensing spermatid. Within the tubule, stage I is flanked on one
side by stage XII and the other by stage II. This system is useful for identifying a
specific spermatogenic cell type when performing RNA/protein expression analyses on
testes tissue or when determining a spermatogenic phenotype (Meistrich & Hess, 2013).
1.3.1.2 Chromatin dynamics during spermiogenesis
Central to spermatogenesis is an incredibly dramatic chromatin reorganization
that results in a highly compacted and specifically shaped nucleus approximately onetenth the volume of a somatic cell nucleus (Wyrobek et al, 1976). Nuclear compaction
protects the genome and promotes hydrodynamic motility, both of which are important to
fertility (Ausio et al, 2007; Malo et al, 2006; Ostermeier et al, 2001). Moreover,
chromatin regulation not only plays an important role in the progression of
spermatogenesis, but can impact embryonic development (Rajender et al, 2011). The
identification of the chaperones, remodelers, and histone modifying enzymes involved in
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this process has proven difficult, as disruption of many of these proteins most likely
affects other cellular processes or affects spermatogenesis at a stage before
spermiogenesis (Godmann et al, 2009). However, it is widely accepted that post-meiotic
chromatin compaction is achieved through a progressive replacement of canonical
histones with histone variants, transition proteins, and finally protamines (Fig. 1.15)
(Govin et al, 2004).

Figure 1.15 Chromatin components during spermatogenesis
The major chromatin components and their post-translational modifications are presented. Histone variants
are incorporated during meiosis, except linker variant HILS, which shows a delayed expression. Highly
basic proteins, transition proteins and protamines, replace histones during late spermiogenesis. The
temporal distribution of the main post-translational histone modifications is also presented (A, acetylation;
U, ubiquitination; M, methylation; P, phosphorylation). During its post-meiotic maturation, the spermatid
undergoes a global remodeling of its nucleus, which elongates and compacts into the very unique nucleus
structure of the spermatozoa. (Govin et al, 2004)
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1.3.1.2.1 Histone variants
Although all histone variants found in somatic cells are also present during
spermatogenesis, a number of histone variants are expressed specifically in the testes
(Govin et al, 2004). Both somatic and testis-specific histone variants are likely to play a
role in the chromatin reorganization that takes place during spermiogenesis, perhaps
leading to changes in chromatin structure that may facilitate histone replacement.
However, knockout studies in post-meiotic cells are complicated by compensation by
other variants or necessity of a variant in previous stages.
Three testis-specific linker histones are expressed during spermatogenesis: H1T,
H1T2, and HILS. H1T partially replaces the somatic H1 linker histones during meiosis
and remains associated with chromatin until nuclear elongation (Drabent et al, 1996).
Chromatin assembled with H1T has a looser structure than that with other linker histones,
which could be useful during post-meiotic chromatin remodeling (Khadake & Rao,
1995). However, loss of H1T, H1A, or both has no affect on nuclear compaction or
fertility in mice, suggesting compensation by other linker histone variants (Drabent et al,
2000; Lin et al, 2004; Lin et al, 2000; Rabini et al, 2000). In contrast, H1T2, which is
located in the nuclear space directly under the acrosome in spermatids, is required for
formation of fertile sperm (Martianov et al, 2005). H1t2 null male mice show increased
fragmentation of DNA and defects in chromatin compaction, nuclear shaping, and
acrosome attachment to the nucleus, suggesting a role for H1T2 in post-meiotic
chromatin reorganization.
Histone H2A has one testis-specific variant, TH2A, which is incorporated into
chromatin during meiosis. While the role of TH2A is unknown, H2A.X is required for
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spermatogenesis to progress past meiosis (Celeste et al, 2002). Because γ-H2A.X is
known to play a role in double strand break repair, H2A.X is most likely involved in
synapsis and recombination of chromosomes during meiosis. However, γ-H2A.X and
histone poly-(ADPribosyl)ation can be detected during spermiogenesis as the nucleus
elongates, suggesting that these PTMs may play a role in the repair of the transient
double strand breaks that are made in the DNA to relieve the torsional stress brought
about by chromatin remodeling (Leduc et al, 2008; Meyer-Ficca et al, 2005).
Histone H2B also has one testis-specific variant, TH2B. With the important
exception of the telomeres, TH2B replaces the vast majority of H2B genome-wide during
meiosis through spermiogenesis (Gineitis et al, 2000; Meistrich et al, 1985; Montellier et
al, 2013). Although it has been suggested that incorporation of TH2B may lead to
nucleosome destabilization during spermiogenesis, TH2B null mice are fertile and show
no obvious spermatogenic defects (Li et al, 2005; Montellier et al, 2013). However, H2B
expression and levels of several histone PTMs associated with a loose chromatin
structure increase in TH2B null mice, suggesting a compensatory mechanism.
Although one testis-specific H3 variant, H3t, has been isolated in human its
function is unknown (Albig et al, 1996; Witt et al, 1996). While most histones are
removed from the genome during spermiogenesis, CENP-A has been detected in
mammalian spermatozoa (Palmer et al, 1990). Specific histone retention at the
centromeres may be an important transgenerational epigenetic feature.
1.3.1.2.2 Transition proteins and protamines
During spermiogenesis, the haploid genome undergoes a vast restructuring during
which all but 5-15% of histones are replaced first by transition proteins, which are then
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replaced by sperm-specific proteins called protamines. Four different transition proteins,
TP1-4, are expressed in mammals, although TP1 and TP2 represent a majority of the
nuclear proteins in condensing spermatids (Meistrich et al, 2003). All transition proteins
are small and basic, enriched in arginines, lysines, and serines. Knockout studies in mice
suggest that the transition proteins have redundant functions: single homozygous TP1 or
TP2 null mice are fertile, but TP1 and TP2 double homozygous mutants are infertile and
show defects in chromatin compaction (Adham et al, 2001; Yu et al, 2000; Zhao et al,
2004a; Zhao et al, 2004b; Zhao et al, 2001). It is thought that transition proteins prepare
the DNA for incorporation into a protamine-based structure, as TPs have a basicity that is
intermediate between histones and protmaines.
Protamines are small, highly basic, sperm-specific proteins. Protamines have
relatively few lysine residues, but over 50% of their residues are arginines. It is believed
that this high arginine content allows protamines to bind to and condense DNA better
than histones, as arginine forms hydrogen bonds with DNA more readily than lysine
(Pogany et al, 1981). Phosphorylation of protamines by CamK4 facilitates their loading
onto DNA (Oliva & Dixon, 1991; Wu et al, 2000). Once bound to DNA, protamines are
dephosphorylated and form tightly stacked toroidal structures that are stabilized by intraand inter-protamine disulfide bonds (Brewer et al, 2003; Brewer et al, 1999; Calvin &
Bedford, 1971). Although most mammals express only one protamine, humans and mice
express two: Prm1 and Prm2. Both Prm1 and Prm2 are necessary for full chromatin
compaction and fertility in mice (Cho et al, 2001). Finally, defects in histone-toprotamine transition in human sperm have been linked to reduced fertility, IVF embryo
quality, and pregnancy rates (Cho et al, 2001; Nanassy et al, 2011; Simon et al, 2011).
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1.3.1.2.3 Histone post-translational modifications
Like histone variants, histone PTMs are believed to play a role in the transition
from histones to protamines (Godmann et al, 2009). Modification of histones can
directly affect the chromatins structure or provide binding sites for proteins that may
facilitate chromatin changes. Knockout mice for several enzymes involved in histone
phosphorylation, ubiquitination, methylation, and acetylation show defects in fertility;
however, most of these mutants are arrested at a stage of spermatogenesis before postmeiotic chromatin compaction takes place (Godmann et al, 2009).
Histone ubiquitination could lead to a destabilization of the nucleosome due to the
size of the modification or via ubiquitin-mediated degradation, both of which may be
useful in the histone-to-protamine transition. Indeed, ubiquitinated H2A, H2B, and H3
were found to be enriched in elongating spermatids (Baarends et al, 1999; Chen et al,
1998). Moreover, inactivation of the mouse HR6 ubiquitin-conjugating enzyme, which is
enriched in the nuclei of elongating spermatids, results in defects in transition protein
incorporation and chromatin condensation during spermiogenesis and male infertility
(Koken et al, 1996; Roest et al, 1996). Although a testis-specific E2 ubiquitin ligase,
UBC4, has been identified, it does not appear to play a role in histone degradation during
spermiogenesis (Bedard et al, 2005).
No evidence exists for a role of histone methylation in chromatin reorganization
during spermiogenesis; however, different methyl PTMs may play a role in histone
retention in mature sperm. Tri-methylation of H3K9 is enriched in the chromocenters of
round and elongating spermatids (Govin et al, 2007). Unfortunately, the double knockout
of the Suv39h1 and Suv39h2 H3K9 HKMTs results in a meiotic phenotype in male mice;
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thus, it is difficult to determine the function of H3K9me3 during spermiogenesis (Peters
et al, 2001). Importantly, several recent studies have implicated H3K4me3 and
H3K27me3 in the specific retention of histones at developmentally important loci in
mature sperm (discussed in section 1.3.1.3).
Perhaps the most striking change in histone PTMs during mammalian
spermiogenesis is the hyper-acetylation of histone H4 (Grimes & Henderson, 1984;
Meistrich et al, 1992). H4 hyper-acetylation is detected in spermatids before nuclear
elongation and disappears in an antero-posterior manner during nuclear condensation
(Hazzouri et al, 2000). This replication-independent acetylation is believed to be the
result of a general degradation of HDACs after meiosis rather than an increase in HAT
activity (Caron et al, 2003). Indeed, treatment of round spermatids with Trichostatin A
(TSA), an HDAC inhibitor, increases levels of histone acetylation (Hazzouri et al, 2000).
Histone hyper-acetylation during spermiogenesis is believed to play a key role in
histone removal (Goudarzi et al, 2014). Indeed, this type of acetylation pattern is not
seen in species where histones are not replaced by protamines in sperm (Kennedy &
Davies, 1980; Kennedy & Davies, 1981). Histone acetylation is associated with a relaxed
chromatin structure, and histone hyper-acetylation alone can induce histone eviction and
replacement with protamines in vitro (Marushige et al, 1976; Oliva et al, 1987; Oliva &
Mezquita, 1986). However, recent studies have suggested that bromodomain-containing
proteins such as Brdt and PA200 may be key in the removal of acetylated histones during
spermiogenesis (Goudarzi et al, 2014).
Brdt is the testis-specific member of the double bromodomain-containing BET
family of proteins. In mouse, BRDT binds to hyper-acetylated H4, and its expression in
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somatic cells leads to chromatin condensation in a manner dependent on histone hyperacetylation (Morinière et al, 2009; Pivot-Pajot et al, 2003). Moreover, male mice lacking
the first bromodomain of BRDT (BrdtBD1Δ/BD1Δ) were infertile and had defects in
chromatin compaction and histone-to-protamine transition during spermiogenesis
(Gaucher et al, 2012; Shang et al, 2007). BRDT and acetylated histones are enriched at
the promoters of genes that are specifically expressed during meiosis and post-meiosis in
spermatocytes and round spermatids, respectively (Gaucher et al, 2012). Deletion of Brdt
results in a meiotic arrest during spermatogenesis, believed to be the result of deregulation of BRDT-dependent genes expression. Thus, it is difficult to determine if
BRDT acts directly to remove acetylated histones during spermiogenesis, or if the defect
seen in BrdtBD1Δ/BD1Δ mice is a result of the de-regulation of gene expression. Moreover,
it is unclear how the binding of BRDT to acetylated histones would lead to their removal
and/or degradation. Although the other BET family members – Brd2, Brd3, and Brd4 –
are expressed during spermatogenesis, their role during this process has not been
investigated (Berkovits & Wolgemuth, 2013).
Another protein that has been implicated in acetylated histone removal during
spermiogenesis is PA200, the activator of the 20S testis-specific proteasome
(“spermatoproteasome”). In mouse cell culture, PA200 was shown to bind to acetylated
histones via a bromodomain-like module and lead to their ubiquitin-dependent
degradation (Qian et al, 2013). However, post-meiotic histone eviction and nuclear
compaction, while delayed, eventually took place in PA200 null mice. Thus, the
collective data suggest that many different proteins are most likely involved in acetylated
histone removal and degradation.
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1.3.1.2.4 Acrosome formation and chromatin remodeling
The acrosome is a membrane-bound sac that contains hydrolytic enzymes that are
key to fertilization of the egg. Acrosome biogenesis begins in round spermatids when
proacrosomal vesicles derived from the Golgi apparatus are transported to and fuse at the
apical pole of the nucleus, opposite from the forming flagellum (Kierszenbaum & Tres,
2004). The acrosome progressively caps the nucleus and is closely anchored to the
nuclear envelope by a combination of LINC complexes and a cytoskeletal plate called the
acroplaxome (Gob et al, 2010; Kierszenbaum et al, 2003). The acroplaxome consists of a
marginal ring of F-actin and keratin 5, which are believed to provide constricting
mechanical forces to the condensing nucleus via interaction with F-actin bundles in the
surrounding Sertoli cell (Fig. 1.16). Acrosomal biogenesis has a marked effect on the
underlying nuclear envelope and chromatin: 1) nuclear pore complexes become displaced
to the caudal region of the nucleus not covered by the acrosome (Fawcett & Chemes,
1979; Ho, 2010; Loir & Courtens, 1979), 2) the nuclear envelope becomes dense in
appearance, and 3) the chromatin appears to be heterochromatinized (De Kretser, 1969).
Several lines of evidence have implicated the acrosome in chromatin remodeling
during spermiogenesis. First, it has been established that nuclear condensation during
mammalian spermiogenesis takes place in a cranial-to-caudal manner, much like
acrosome formation (Courtens et al, 1995; Courtens & Loir, 1981; Dooher & Bennett,
1973). In addition, it has been shown that histone removal from the spermatid nucleus
begins in the region directly adjacent to the developing acrosome (De Vries et al, 2012).
Finally, globozoospermia is a fertility disorder in men where the sperm head fails to
compact and is round in shape. Interestingly, globozoospermia correlates with defective
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acrosome biogenesis, abnormal chromatin condensation, and lower protamine levels
(Carrell et al, 1999; Dam et al, 2007; Kierszenbaum, 2002). A similar defect in fertility
can be seen in mutant mice that are unable to form an acrosome (Kang-Decker et al,
2001; Yao et al, 2002). Thus, formation of the acrosome is closely linked to the
spermatid nuclear envelope and the compaction of the nucleus during spermiogenesis.

Figure 1.16 Role of exogenous and endogenous clutching forces and aspects of intramanchette
transport operating during the elongation of the spermatid head
The head of an elongating spermatid is enveloped by F-actin-containing parallel hoops and associated
proteins exerting an exogenous clutching effect on the spermatid nucleus by gradual reduction of the hoop
length (indicated by facing arrows). The marginal ring of the acroplaxome and the adjacent perinuclear ring
of the manchette adjust their diameter in compliance to the elongation of the spermatid nucleus
(endogenous clutch effect). A groove belt denotes the boundary between the acroplaxome marginal ring
and the manchette perinuclear ring. (Kierszenbaum & Tres, 2004)
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1.3.1.3 Epigenome of the mature sperm
The cellular morphology and composition of the male and female gametes is
extremely different. The egg is large with a full complement of organelles, RNA, and
histones. In contrast, the sperm is incredibly small with minimal cytoplasm containing
mostly organelles that are specific to sperm function, such as the acrosome. In addition,
the sperm nucleus is transcriptionally inactive, as the DNA is compacted to a nearcrystalline state by the replacement of all but 5-15% of histones with protamines (Fig.
1.17). Based on these differences, the contribution from the sperm to the zygote of
anything more than the paternal chromosomes may seem doubtful. The importance to
embryogenesis of DNA methylation at imprinted loci in the male and female gamete has
long been established (Bartolomei & Ferguson-Smith, 2011). However, recent studies
suggest that the sperm may in fact contribute epigenetically to the zygote via retention of
specifically modified histones at developmental genes (Carrell, 2012).
The first evidence for differential chromatin packaging of developmentally
important genes in sperm was the enrichment of histones at the embryonic, but not at the
adult, β-globin gene (Gardiner-Garden et al, 1998). More recent studies sequenced all
histone-enriched DNA in mature human sperm and found a significant enrichment of
genes and regulatory sequences involved in development, such as the HOX genes, which
are not expressed during spermatogenesis or early embryogenesis (Arpanahi et al, 2009;
Brykczynska et al, 2010; Hammoud et al, 2009). This pattern of nucleosome enrichment
hints at a possible paternal epigenetic contribution to the zygote; however, protamines are
removed and replaced with maternally-synthesized histones soon after fertilization in
	
  

	
   45	
  

order to prime the paternal chromosomes for DNA replication and transcriptional
activation (Jenkins & Carrell, 2012). Thus, any nucleosomes retained in mature sperm
would have to be defined by a specific histone variant or PTM to distinguish it from these
maternal histones.

Figure 1.17 Chromatin remodeling and epigenetic modifications in human sperm
DNA methylation is the first line of epigenetic modification of chromatin through methylation of position
of cytosines found in CpG dinucleotides. An intermediate step in demethylation is the formation of 5hydroxymethylcytosine residues, which are also observed in mature sperm. DNA is bound to histone
octamers with unique modifications that present a second level of regulation of gene transcription. Most
histones are removed from the elongating spermatid and replaced with protamines that result in a higher
order of DNA packaging and silence gene expression. Retained histones are interspersed between
protamine toroids and may be bound to matrix attachment regions, which facilitates replication of loop
domains in the embryo. (Carrell, 2012)
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Interestingly, ChIP sequencing of TH2B and H3K4me3 revealed enrichment at
genes involved in spermatogenesis, suggesting that these chromatin features are simply
left behind from their earlier transcriptional role (Brykczynska et al, 2010; Hammoud et
al, 2009). However, a bivalent histone PTM signature – the presence of both H3K4me3
and H3K27me3 – was found to be enriched at genes that are also bivalent in embryonic
stem cells (Gan et al, 2007). Bivalency is believed to “poise” genes for transcriptional
activation at the appropriate time during development. Similar patterns of nucleosome
and histone PTM enrichment have been reported in mature mouse sperm, suggesting
evolutionary conservation of this mechanism (Erkek et al, 2013). Importantly, the
bivalent signature at developmental loci is present from primordial germ cells in early
embryos through meiosis to post-meiotic round spermatids (Lesch et al, 2013; Sachs et
al, 2013).
These data suggest that the bivalent chromatin signature in sperm is key to the
temporal regulation of developmental gene expression. Bivalency is present throughout
spermatogenesis and is preserved in mature sperm to pass on to the zygote. However, it
is unclear how this specific subset of nucleosomes is targeted for retention in mature
sperm when the vast majority of histones are evicted during spermiogenesis.
1.3.2 Sporulation in S. cerevisiae
Like spermatogenesis, sporulation results in a highly differentiated gamete.
Sporulation takes place in diploid yeast deprived of nitrogen and a fermentable carbon
source (Govin & Berger, 2009; Neiman, 2011). Under these starvation conditions, yeast
enter a meiotic program similar to that found in mammalian spermatogenesis. During the
post-meiotic phase, cell and nuclear volumes are substantially decreased, the genome is
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compacted, transcription is silenced, and a protective spore wall is synthesized. The
resultant quiescent spore is able to survive unfavorable growth conditions of heat,
dehydration, and chemical insult. When a fermentable carbon source is re-introduced,
spores are induced to re-enter the cell cycle through a process called germination,
characterized by a specific transcriptional cascade and the disappearance of spore
morphology (Joseph-Strauss et al, 2007).
The progression of sporulation is tightly controlled by transcription (Kassir et al,
2003). Each stage of sporulation is induced by the temporally distinct activation of
specific groups of genes, which are broadly classified into early, middle, and late genes
(Fig. 1.18) (Brar et al, 2012; Chu et al, 1998; Friedlander et al, 2006; Kassir et al, 2003;
Lardenois et al, 2011; Primig et al, 2000). Early and middle genes are involved in DNA
synthesis and meiosis while late genes control post-meiotic differentiation of the spores.

Figure 1.18 Sporulation overview
Upon nutrient starvation, diploid yeast ceases vegetative growth (green cells) and induces sporulation
(yellow cells). During the meiotic S phase (meiS), the genome is duplicated and prepared for meiosis.
Meiosis generates four haploid cells, which differentiate into spores via compaction of the nucleus and the
construction of the spore wall. When nutrients become available, spores germinate and begin a new
vegetative cycle. Commitment describes a time frame when spores cannot start a new vegetative cycle
without finishing the entire sporulation program, even if new nutrients become available.
During sporulation, three main classes of genes, called early, middle and late genes, are induced in
succession by several key transcription factors (Ime1 and Ntd80). It remains unclear how late genes are
induced. (Govin & Berger, 2009)
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Induction of sporulation is highly regulated and repressed during vegetative
growth and in haploid cells. Spontaneous induction of sporulation during vegetative
growth limits the growth of a diploid colony, and the meiotic process is lethal in haploids.
Thus, early meiotic genes are strongly repressed by a transcriptional repressor, Ume6 (a
DNA-binding transcription factor), together with two co-repressor complexes, one
containing Rpd3 (an HDAC) and the second Isw2 (a nucleosome remodeler) (Fig. 1.19)
(Goldmark et al, 2000; Kadosh & Struhl, 1997). Ume6 binds to the URS1 sequence
upstream of early meiotic genes and recruits these co-repressors (Park et al, 1992).
Deletion of UME6 results in the de-repression of early meiotic genes and severe
sporulation defects (Steber & Esposito, 1995; Williams et al, 2002). Ultimately, the
expression of Ime1, the master sporulation-inducer, and the anaphase promoting complex
(APC)-dependent degradation of Ume6 leads to induction of sporulation (Kassir et al,
2003; Mallory et al, 2007).
Chromatin architecture and cell morphology also change dramatically over the
course of gametogenesis. Yeast sporulation shares several chromatin features with
mammalian spermatogenesis, such as stage-specific appearance of histone PTMs. For
example, in yeast and mouse, H3S10ph and H3T11ph are enriched in chromatin during
meiosis and H4S1ph and H4ac are enriched in post-meiotic chromatin (Govin et al, 2010;
Krishnamoorthy et al, 2006). A hallmark feature of both yeast sporulation and human
spermatogenesis is a ten-fold reduction in nuclear volume, which protects the genome
and involves extreme compaction of chromatin. In human sperm, this compaction is
associated with the replacement of most histones with protamines (Balhorn, 2007).
Interestingly, yeast and certain higher eukaryotes, including some fish taxa, achieve
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similar compaction without protamines (Eirin-Lopez & Ausio, 2009). In fact, histones
are retained in the yeast spore genome, and nucleosome positioning remains largely
unchanged during sporulation (Govin et al, 2010; Zhang et al, 2011).

Figure 1.19 Transcription regulation during sporulation
Regulation of early, middle and late gene expression. During vegetative growth, the transcriptional
repressor Ume6 recognizes a specific sequence in early gene promoters and recruits several complexes
essential for their repression. These co-repressors notably include the histone deacetylase Rpd3 and the
ATP-dependant remodeling enzyme Isw2. Upon sporulation, Ime1 is responsible for the transcription of
early genes. Ime4 and the histone acetyltransferase KAT2/Gcn5 are required for their proper activation.
Middle genes are repressed by Sum1, which recruits Rfm1 and the histone deacetylase Hst1. Ntd80 is the
main activator of early gene expression during sporulation. Late gene regulation is less clear; repression
may involve the co-repressors Ssn6/Tup1. DNA binding proteins are in purple, histone deacetylases are in
red, and the histone acetyltransferase is in green. (Govin & Berger, 2009)
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Since the yeast genome lacks genes that encode protamines, it is unclear how the
spore genome is compacted to such a high degree. Certain histone PTMs such as
acetylation of the histone H4 tail and H4S1ph have been shown to play a role in spore
chromatin compaction. Abrogation of H4S1ph (via substitution of serine with alanine)
results in spore chromatin compaction defects; however, the mechanism by which this
histone PTM leads to chromatin compaction is unknown (Krishnamoorthy et al, 2006).
Similarly, abrogation of H4ac (via substitution of lysines 5, 8, and 12 on the tail of
histone H4 with arginines) results in defects in sporulation, spore chromatin compaction,
and germination (Govin et al, 2010). Lack of H4ac in these mutants affects the ability of
the bromodomain-containing BET family protein Bdf1 to bind to chromatin. Thus, Bdf1
may normally bind to H4ac in post-meiotic spores to facilitate chromatin compaction,
which is required for proper re-entry into the cell cycle via germination. Moreover, these
data suggest that while post-meiotic histone H4 hyper-acetylation is a conserved
chromatin feature between mammalian spermatogenesis and yeast sporulation, it may
facilitate chromatin compaction in very different ways via bromodomain-containing
proteins.
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CHAPTER TWO
BRD4 LINKS CHROMATIN REORGANIZATION AND ACROSOME FORMATION
DURING POST-MEIOTIC MAMMALIAN SPERM DEVELOPMENT

Jessica M. Bryant, Greg Donahue, Xiaoshi Wang, Mirella Meyer-Ficca, Gabriel L. Otte, Lacey J. Luense,
Marisa S. Bartolomei, Gerd A. Blobel, Ralph G. Meyer, Benjamin A. Garcia, and Shelley L. Berger

During the post-meiotic phase of spermatogenesis, or spermiogenesis, the nuclei of
haploid spermatids are compacted through a dramatic chromatin reorganization involving
hyper-acetylation and replacement of most histones with sperm-specific protamines.
This chromatin remodeling takes place adjacent to the cytoskeletal base of the acrosome,
or acroplaxome. Acrosomal mutant mice show defects in nuclear compaction during
spermiogenesis; however, the connection between histone acetylation/removal and
acrosome formation is unclear. We have discovered a link between these seemingly
distinct mechanisms in the protein BRD4, a member of the bromodomain-containing
BET family. Immunofluorescent imaging of mouse testes revealed BRD4 in a complete
ring around the nuclei of spermatids containing hyper-acetylated histones. The BRD4
ring lies directly adjacent to the acroplaxome and does not form in acrosomal mutant
mice, suggesting a physical connection between these two structures. Mass spectrometry
of BRD4 immunoprecipitated from round spermatids showed enrichment of tri- and tetraacetylated H4 and H3K9me3. ChIP sequencing in round spermatids revealed BRD4
binding in intergenic genomic regions enriched for H4K8/12/16ac and H3K9me3 where
histones are largely evicted in mature sperm. We propose that BRD4 is a key scaffold
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between the acrosome and chromatin that may remove histones from the condensing
nucleus during spermiogenesis.
2.1 Introduction
Mammalian spermatogenesis has emerged as a useful and important model for
epigenetic study, as this conserved process requires vast changes in transcription and
chromatin organization (Rajender et al, 2011). During the post-meiotic process of
spermiogenesis, a spermatid differentiates into a motile spermatozoon by shedding most
cytoplasm, forming a flagellum, and compacting the nucleus. Formation of fertile sperm
relies on chromatin compaction facilitated by the replacement of almost all histones with
protamines (Govin et al, 2004; Rajender et al, 2011). Importantly, the small percentage
of histones that remain associated with the genome in mature sperm are specifically posttranslationally modified and enriched at developmentally important loci (Brykczynska et
al, 2010; Hammoud et al, 2009) and gene regulatory sequences (Arpanahi et al, 2009).
The mechanism by which almost all histones are removed and degraded has yet to be
elucidated, but several important factors in this process have been discovered (Gaucher et
al, 2010).
Chromatin reorganization during spermiogenesis begins concurrently with
acrosome formation and histone hyper-acetylation. Recently, several studies have linked
acrosome biogenesis to the dramatic chromatin reorganization that takes place during
spermiogenesis. Mouse mutants with defective acrosome formation create abnormal,
round-headed sperm that show defective nuclear compaction (Fujihara et al, 2012; KangDecker et al, 2001; Lin et al, 2007; Xiao et al, 2009; Yao et al, 2002). Moreover, histone
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removal in human spermatids takes place adjacent to the acroplaxome as the acrosome
progressively caps the nucleus (De Vries et al, 2012). These studies suggest that
acrosome biogenesis plays a role in sperm head shaping and nuclear compaction, but the
mechanisms by which this may happen are unknown.
After meiosis is complete and acrosome formation has begun, histones become
hyper-acetylated in the spermatid nucleus (Govin et al, 2007; Grimes & Henderson,
1984; Meistrich et al, 1992). Although histone hyper-acetylation has been demonstrated
by immunofluorescence and western blot analysis, the genome-wide distribution of
specifically acetylated histones H3 and H4 during spermiogenesis is unknown. Histone
hyper-acetylation is believed to facilitate histone removal either through a direct
loosening of the chromatin or via binding of bromodomain-containing proteins such as
PA200, the activator of the “spermatoproteasome”, and BRDT, the testes-specific BET
(Bromo- and Extra-Terminal domain) family protein (Goudarzi et al, 2014; Pivot-Pajot et
al, 2003; Qian et al, 2013; Shang et al, 2007).
Like all BET family members, BRDT contains two bromodomains at its Nterminus and an extra-terminal (ET) domain at its C-terminus. Recently, BRDT has been
shown to play a dual role during spermatogenesis (Bryant & Berger, 2012). First, BRDT
plays a transcriptional role, binding to acetylated histones at the promoters of meiotic and
post-meiotic genes that are aberrantly repressed in its absence (Gaucher et al, 2012).
Second, BRDT may play a structural role in chromatin dynamics during spermiogenesis,
as deletion of the first bromodomain in mice results in fertility defects caused by
abnormal nuclear compaction and chromatin organization during spermiogenesis
(Berkovits & Wolgemuth, 2011; Shang et al, 2007). However, it is unclear whether these
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later defects are again due to transcriptional de-regulation or rather to decreased binding
of BRDT to hyper-acetylated histones.
It is also unclear whether other members of the BET family are integral to the
process of spermatogenesis, as Brd2 and Brd4 null mouse mutants show embryonic
lethality (Houzelstein et al, 2002; Shang et al, 2009). However, these genes are
expressed during spermatogenesis at the mRNA and protein level; and interestingly, Brd4
heterozygous null mice show defects in spermatogenesis (Houzelstein et al, 2002; Shang
et al, 2004). BRD4 has been shown to bind to the acetylated tails of histones H3 and H4
and is generally associated with active gene transcription via recruitment of the
elongation factor P-TEFb to promoters containing acetylated histones (Voigt & Reinberg,
2011). However, BRD4 also plays non-transcriptional roles such as tethering the human
papilloma virus genome to acetylated histones in host chromatin during mitosis (McBride
& Jang, 2013). In this study, we investigate a novel BRD4 ring structure in spermatid
nuclei that is closely associated with the acrosome. We propose that the BRD4 ring may
provide a crucial link between acrosome formation and chromatin reorganization during
spermiogenesis.

2.2 Results
2.2.1 BRD4 forms a ring around the nucleus of spermatids as histones become
hyper-acetylated
Although the transcriptional role of BRDT has been established during meiosis and
spermiogenesis, it is unclear if BRDT plays a direct role in or acts with other proteins to
facilitate the removal of hyper-acetylated histones during spermiogenesis (Gaucher et al,
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2012). As mentioned above, Brd4 heterozygous null male mice show spermatogenic
defects, suggesting that BRD4 may play a role in spermatogenesis (Houzelstein et al,
2002; Shang et al, 2009). To investigate the expression pattern of BRD4 over the course
of spermatogenesis, we analyzed protein levels in different cell types obtained by STAPUT velocity sedimentation from mature mouse testes (Bryant et al, 2013). With this
method, we collected three cell populations: 1) a mixture of meiotic cells (spermatocytes:
Sc), 2) early post-meiotic spermatids (round spermatids: RSp), and 3) later post-meiotic
spermatids (elongating and condensing spermatids: E/CSp). In addition to microscopic
verification of purity via cellular and nuclear morphology [see (Bryant et al, 2013)], we
used western blot analysis of lysates from these cells to confirm relative purity:
phosphorylation of H3 at serine residue 10 (H3S10ph) was enriched in meiotic cells and
H4K5,8,12,16ac was enriched in round and elongating spermatids (Fig. 2.1A). This
analysis also revealed the presence of the long isoform of BRD4 protein at similar levels
in meiotic cells, round spermatids, and elongating/condensing spermatids, but not in
mature sperm (Sp) (Fig. 2.1A).

Figure 2.1 BRD4 forms a ring around the nucleus of spermatids as histones become hyper-acetylated
(opposite page)
(A) Western blot analysis of whole cell extracts from spermatocytes (Sc), round spermatids (RSp),
elongating/condensing spermatids (E/CSp), and mature sperm (Sp) obtained with STAPUT. H3S10ph is a
marker of dividing and meiotic cells, while H4K5,8,12,16ac is a marker of round and elongating
spermatids. (B) Indirect immunofluorescence of mouse testes tissue sections shows that BRD4 (green)
forms a ring around the nucleus (DAPI-stained DNA shown in blue) of round spermatids (RSp, top panel).
The BRD4 ring changes shape and elongates as the nucleus is compacted in elongating spermatids (ESp,
bottom panel). The ring is absent from all non-spermatid cell types such as spermatocytes (Sc). Stage of
spermatogenesis shown in upper left hand corner of each image. Inset shows 3x magnification of the round
(top panel) and elongating (bottom panel) spermatids outlined. (C) Indirect immunofluorescence of mouse
testes tissue sections shows that the BRD4 ring (green) forms at a time when histone H4 is hyper-acetylated
(red) in the nucleus (DAPI in blue) of round (RSp) and elongating (ESp) spermatids. Inset shows 3x
magnification of the round (top panel) and elongating (bottom panel) spermatids outlined. (D) Pseudo-3D
images of nuclei of round (RSp) and elongating (ESp) spermatids, as in (C). Scale bar represents 10µm.
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To gain insight into a possible function for BRD4 during spermatogenesis, we
determined the subcellular localization of BRD4 by performing indirect
immunofluorescence on tissue sections from the testes of adult wild-type male mice.
Using intact tissue allows for the identification of specific steps of spermatogenesis
within the seminiferous tubules (Meistrich & Hess, 2013). Surprisingly, BRD4 was
observed in a distinct, complete ring around the nuclei of all round and elongating
spermatids (RSp and ESp), but not in spermatogonia or spermatocytes (Sc) (Fig. 2.1B).
The ring structure appears concurrently with the post-meiotic hyper-acetylation of
histones in the nucleus, not seen in spermatocytes (compare RSp to Sc in Fig. 2.1C). We
confirmed that the apparently distinct “ring” is not associated with the entire periphery of
the nucleus with pseudo-3D images created with z-stacked individual confocal images of
round (RSp) and elongating spermatid (ESp) nuclei (Fig. 2.1D). Interestingly, the BRD4
structure closely changes shape along with the condensing nucleus of the spermatid: from
round to oblong, always at the periphery of the DAPI-stained nucleus (Fig. 2.1B-D).
Thus, BRD4 forms a striking ring structure in post-meiotic spermatids as histones
become hyper-acetylated.
2.2.2 BRD4 associates with the acrosome and does not form a ring in Hrb-/acrosomal mutant mice
To further investigate the sub-cellular location of BRD4, we performed indirect
immunofluorescence for BRD4 and lamin B1, a key component of the nuclear
membrane. Co-detection of these proteins revealed that BRD4 is located precisely at an
important transitional region of the nuclear membrane in spermatids (Fig. 2.2A). More
specifically, lamin B1 becomes polarized to the posterior end of the spermatid nuclear
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membrane, clearly distinct from the anterior end, which becomes closely covered by the
acrosome (indicated by an asterisk in Fig. 2.2A) (Schutz et al, 2005; Vester et al, 1993).
The acrosome is partly anchored to the nuclear envelope by a cytoskeletal plate called the
acroplaxome, which forms a ring-like structure very similar to the BRD4 ring in the
region where the lamin B1-associated nuclear envelope meets the acrosome-associated
nuclear envelope (Fig. 2.7) (Kierszenbaum & Tres, 2004). Therefore, we hypothesized
that BRD4 may be associated with the acroplaxome.
To determine whether the BRD4 ring is linked to the acrosome/acroplaxome, we
again performed indirect immunofluorescence on testes tissue sections, co-staining for
BRD4 and actin, a component of the acroplaxome. Using a confocal microscope to
create a pseudo-3D image, we discovered that the BRD4 ring lies just adjacent to the
actin ring of the acroplaxome, but closer to the DAPI-stained nucleus (Fig. 2.2B).
Moreover, immunofluorescent signal of acetylated histones appeared to be depleted from
the region adjacent to the acrosome, as was shown in human spermatids (Fig. 2.2C) (De
Vries et al, 2012). These data suggest that histones are acetylated throughout the
spermatid nucleus, but seem to be removed from the genome first in the region of the
nucleus covered by the progressing acrosome, adjacent to the BRD4 ring.
Because the BRD4 ring and the acroplaxome are remarkably similar in shape and
location, we hypothesized that acrosome formation is needed for BRD4 ring formation.
To test this hypothesis, we analyzed Hrb (also known as Agfg1) null mice, which produce
infertile sperm that lack acrosomes and have round, poorly compacted nuclei (KangDecker et al, 2001). In wild-type male mice, the acrosome is formed by the fusion at the
acroplaxome of proacrosomic vesicles derived from the Golgi apparatus (Abou-Haila &
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Tulsiani, 2000). The acrosome (visualized with fluorophore-conjugated peanut
agglutinin, PNA) begins as a small disc at one pole of the round spermatid nucleus and
spreads over the nuclear membrane to form a cap, which then elongates with the
compacting nucleus (Fig. 2.2D, top panels). HRB was shown to associate with the
membrane of proacrosomic vesicles, and it is required for their fusion to form the
acrosome (Kang-Decker, 2001). In Hrb-/- male mice, the proacrosomic vesicles begin to
form in round spermatids (RSp), but they are unable to fuse properly to form a mature
acrosome (Fig. 2.2D, bottom panels). Hrb-/- mice also show defects in nuclear elongation
and compaction later in condensing spermatids (CSp) when the acrosome is completely
absent (Fig. 2.2D).
To determine if acrosome development is required for BRD4 ring formation, we
performed indirect immunofluorescence in cryosectioned testes tissue from adult Hrb+/(which have normal spermatogenesis) and Hrb-/- mice. Strikingly, the BRD4 ring does
not form in Hrb-/- mice (Fig. 2.2E). A small amount of BRD4 can be seen in Hrb-/- mice,
but the BRD4 ring never develops and exists only in small fragments, if at all, in late
stage spermatids (Fig. 2.2E). Thus, BRD4 ring formation is severely disrupted in the
absence of the acrosome.
Figure 2.2 BRD4 associates with the acrosome and does not form a ring in Hrb-/- acrosomal mutant
mice (opposite page)
Indirect immunofluorescence of mouse testes tissue sections. (A) BRD4 (green), lamin B1 (red), and DNA
(DAPI in blue) in a spermatid. Asterisk indicates location of the acrosome. (B) Pseudo-3D images of
elongating spermatid nuclei showing the close juxtaposition of the acroplaxome (actin in green) and BRD4
(red) ring around the DNA (DAPI in blue). (C) Pseudo-3D images of a round spermatid nucleus (DAPIstained DNA in blue) showing acetylated histone (red) depletion adjacent to the acrosome (PNA in green).
Dotted line indicates the transition of acrosome-associated histone depletion. (D) Acrosome (PNA in green)
and DNA (DAPI in blue) from wild type and Hrb-/- mice. Spermatocytes (Sc), round spermatids (RSp),
and condensing spermatids (CSp) are indicated. (E) BRD4 (green) and DNA (DAPI in blue) in elongating
spermatids of Hrb+/- and Hrb-/- mice. Inset shows 3x magnification of the spermatids outlined. Scale bar
represents 2.5µm in (A-C) and 10µm in (D-E).
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2.2.3 BRD4 associates with poly-acetylated histone H4 and H3K9me3 in round
spermatids
Although the BRD4 ring visualized with immunofluorescence appears to be
associated with the chromatin of round spermatids as histones are becoming hyperacetylated, it is unclear if it directly interacts with histones. To investigate the
composition of BRD4-associated chromatin, we performed immunoprecipitation (IP) of
BRD4 in round spermatids and mouse embryonic fibroblasts (MEFs), as a somatic cell
control. Western blot analysis confirmed that BRD4 and acetylated histone H4 were
immunoprecipitated with an antibody against endogenous BRD4, but not with rabbit IgG
(Fig. 2.3A).

Figure 2.3 BRD4 associates with poly-acetylated histone H4 and H3K9me3 in round spermatids
(opposite page)
(A) Western blot analysis of BRD4 immunoprecipitate shows that BRD4 was successfully
immunoprecipitated from lysate (“Input”) from MEFs and round spermatids. Immunoprecipitated BRD4
associates with acetylated histone H4 in both of these cell types, but with cyclin T1 only in MEFs. (B)
Mass spectrometry analysis of BRD4-immunoprecipitated histones from round spermatids (“RS”).
Heatmap representation of enrichment of acetylation or methylation of histone H3 (amino acids 9 to 17,
KSTGGKAPR) or H4 peptide (amino acids 4 to 17, GKGGKGLGKGGAKR) in BRD4immunoprecipitated (“IP”) chromatin normalized to total chromatin (“Total”). Values used to generate the
heatmaps are found in Table 2.1. (C) Comparison of total and BRD4-immunoprecipitated histones from
round spermatids (“RS”) and MEFs. Heatmap representation of relative enrichment in round spermatids
normalized to MEFs of acetylation or methylation of histone H3 (amino acids 9 to 17, KSTGGKAPR) or
H4 peptide (amino acids 4 to 17, GKGGKGLGKGGAKR) in total chromatin (“Total”) or BRD4immunoprecipitated chromatin (“IP”). Values used to generate the heatmaps are found in Table 2.1.
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To determine more precisely the BRD4-bound chromatin composition in round
spermatids compared to MEFs, total cell lysate and BRD4-immunoprecipitated proteins
were separated on an SDS-PAGE gel and analyzed with mass spectrometry. We
quantified the fraction of peptides bearing different combinations of acetyl and methyl
PTMs for histones H3 and H4 in total chromatin and BRD4-immunoprecipitated
chromatin (Table 2.1). When the values of immunoprecipitated peptides were
normalized to the values for total chromatin in round spermatids, we noticed an
approximate 4.4- and 12.6-fold enrichment of tri- and tetra-acetylated H4 peptide,
respectively, and an approximate 3.2-fold enrichment of H3K9me3 (Fig. 2.3B; see Table
2.1 for raw values).
We then divided the value for each of these peptides in the IP and total chromatin
from round spermatids by the value obtained for MEFs to show relative enrichment of
different PTMs in round spermatids (Fig. 2.3C). In general, acetylated H4 peptides
represented a higher percentage of total peptides in total and immunoprecipitated
chromatin from round spermatids compared to MEFs (Fig. 2.3C; see Table 2.1 for raw
values). As has been demonstrated by others and us with western blot and
immunofluorescence analysis, histone H4 tri- and tetra-acetylated peptide is especially
enriched in round spermatid chromatin compared to MEF chromatin. Strikingly, tri- and
tetra-acetylated histone H4 tail peptides were approximately 4.8- and 5.8-fold enriched in
the BRD4 immunoprecipitate, respectively. Various combinations of tri-acetylated H4
peptides –K5, 8, 12, and 16ac – and tetra-acetylated H4 peptides were highly enriched in
round spermatid total and immunoprecipitated chromatin, but all these most highly
enriched combinations include H4K16ac (Fig. 2.3C). Although H3K14ac is slightly
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enriched in BRD4-immunoprecipitated chromatin from round spermatids, in general,
modified H3 peptides are more enriched in total and immunoprecipitated chromatin from
MEFs. Overall, H4 acetylated peptides, especially those containing H4K16ac, are
strikingly enriched in BRD4-immunoprecipitated histones.
2.2.4 BRD4 is depleted from regions of the genome that are actively transcribed in
spermatids and retain histones in mature sperm
To gain insight into the function of BRD4 in the chromatin of round spermatids,
we analyzed the genome-wide enrichment of BRD4 with chromatin immunoprecipitation
followed by sequencing (ChIP-seq). We also determined the genome-wide localization
of various other histone post-translational modifications (PTMs) to assess whether BRD4
shows a binding preference for any of these PTMs (all of which were normalized to H3).
Finally, we compared our BRD4 ChIP-seq data in round spermatids to previously
published BRDT ChIP-seq data from the same cell type (Gaucher et al, 2012). All ChIPseq data alignment information can be found in Table 2.2.
In various cycling somatic or cancer cell types, BRD4 binds to actively
transcribed genes such as Myc (Zuber et al, 2011). To validate our ChIP methods, we
performed ChIP followed by quantitative polymerase chain reaction (qPCR) of BRD4 in
mouse embryonic fibroblasts (MEFs) and round spermatids. BRD4 was enriched at the
promoter of Myc in MEFs (where this gene is expressed), but not in round spermatids
(Fig. 2.4A). As an additional verification of our methods in round spermatids, we
observed a recently-reported bivalent chromatin signature – the presence of both
H3K4me3 and H3K27me3 – at the HoxD locus, a region where histones are highly
retained and exhibit the same bivalency in mature sperm (Fig. 2.4B) (Brykczynska et al,
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2010; Erkek et al, 2013; Hammoud et al, 2009; Lesch et al, 2013). These data
corroborate the established literature and suggest a distinct binding pattern of BRD4 in
round spermatids.

Figure 2.4 Validation of ChIP-seq methods
(A) ChIP-qPCR shows BRD4 enrichment at the Myc gene (as compared to control IgG ChIP) in mouse
embryonic fibroblasts (MEF), but not in round spermatids (RS). The y axis is ChIP enrichment
(normalized to H3). (B) ChIP sequencing in round spermatids shows bivalency – the presence of both
H3K4me3 and H3K27me3 – at the HoxD locus where histones are highly retained in mature sperm
(“Sperm Nuc”). Genomic location is indicated at the top. The y axis is ChIP enrichment (normalized to
H3). The x axis is DNA sequence.
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BRD4 indeed behaves quite differently in round spermatids than in actively
dividing cell types such as MEFs (Loven et al, 2013). In round spermatids, BRD4 is
largely excluded from genes that are actively transcribed, such as Acr, where there is an
apparent enrichment of H3K4me3, H3K9/27ac, and H4K5/8/12/16ac (Fig. 2.5A). The
BRD4 binding pattern is different from that of BRDT, which was shown to bind to
actively transcribed genes in round spermatids such as Acr (Fig. 2.5A) [BRDT ChIP-seq
data from (Gaucher et al, 2012)] . In fact, comparison of the average ChIP-seq
enrichment of BRD4 to BRDT over the transcriptional start sites (TSS) of all actively
transcribed genes in round spermatids shows enrichment of BRDT, but marked depletion
of BRD4 (Fig. 2.5B) [transcription data from (Mulugeta Achame et al, 2010; Namekawa
et al, 2006)]. Moreover, heat map analysis revealed that enrichment of BRDT and
“active” histone PTMs such as H3K4me3 and H3K9ac at gene promoters shows a strong
correlation with transcriptional activity of those genes in round spermatids (Fig. 2.5C).
BRD4 does not show this correlation with active transcription, nor does it appear to be
correlated with repressed transcription, as it does not bind at the promoters of genes that
are transcriptionally repressed in round spermatids, such as Shank3, which is marked by
H3K27me3 (Fig. 2.5A). Interestingly, we observed co-immunoprecipitation of BRD4
and cyclin T1 (a component of P-TEFb known to interact with BRDT in mouse testes and
with BRD4 in somatic dividing cells) in MEFs but not in round spermatids (Fig. 2.3A)
(Jang et al, 2005; Yang et al, 2005). These data suggest that BRD4 does not play a role
in transcriptional activation in round spermatids.
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Figure 2.5 BRD4 is depleted from regions of the genome that are actively transcribed in spermatids
(A) ChIP sequencing in round spermatids shows enrichment profiles of BRD4, BRDT, and several histone
PTMs around the gene Acr, which is active in round spermatids, and Shank3, which is repressed. Genomic
location is indicated at the top. The y axis is ChIP enrichment (normalized to H3). The x axis is DNA
sequence. (B) Average ChIP-seq enrichment of BRDT and BRD4 over the transcriptional start sites (TSS)
of all active genes in round spermatids. (C) Heat map representation of ChIP-seq enrichment at promoters
of all genes (red) are compared to the level of transcription of these genes (green) in round spermatids.
Brightness indicates higher levels of enrichment or transcription.
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Upon a more global examination of the ChIP-seq data, we noticed that BRD4
shows a broad, low-level enrichment over mostly intergenic regions (Fig. 2.6A).
Analysis of ChIP-seq data generated using two different BRD4 antibodies reveals highly
similar intergenic enrichment, with a genome-wide correlation R2 value of approximately
0.92 (Fig. 2.6B,D and Table 2.3). To determine the genomic distribution of BRD4 and
other histone PTMs, we compartmentalized the genome into “Promoters” (one kilobase
pair regions upstream of a transcriptional start site), “Genes” (gene bodies), or
“Intergenic” (any region that does not fall into the previous two categories) and
calculated the regions of top 10% highest enrichment across the genome (Fig. 2.6C).
Again, a very small percentage of BRD4 binds to promoters, an enrichment pattern that
differs significantly from histone PTMs such as H3K4me3 and H3K27me3 that are
known to be enriched at the transcriptional start sites of genes (Fig. 2.6C). In contrast,
BRD4 binds most predominantly within intergenic regions of the genome, much like
H3K9me3 (Fig. 2.6A,C). Interestingly, the genome-wide BRD4 enrichment pattern
seems to be most similar to that of H4K8, 12, and 16ac and H3K9me3 (R2 = 0.49, 0.48,
0.67, and 0.31 respectively), which show more enrichment in intergenic regions (Fig.
2.6A,C,D and Table 2.3). We next sought to explain this non-canonical, intergenic
BRD4 binding pattern.
A recent study demonstrated that nucleosomes that are retained in the mature
mouse sperm genome show a ten-fold overrepresentation at promoter regions (Erkek et
al, 2013). Because BRD4 does not appear to bind to genic, actively transcribed regions
of the genome in round spermatids, we hypothesized that it may show a binding
preference for regions where histones are largely evicted from the mature sperm genome.
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We used the MNase-seq data from this previous study to determine BRD4 enrichment in
round spermatids at regions of the genome that are either depleted of or enriched in
nucleosomes in mature sperm (Erkek et al, 2013). Because histone retention in a mature
sperm population does not appear to be binary, we analyzed average BRD4 enrichment at
1 kilobase pair regions that are most enriched for or most depleted of nucleosomes in
mature sperm (top and bottom 1% enrichment score relative to total genome). Chromatin
signatures of centromeric regions of the genome, which are known to retain a substantial
amount of nucleosomes in mature sperm, were not analyzed due to the highly repetitive
nature of the DNA sequences (Meyer-Ficca et al, 2013).
Consistent with our hypothesis, BRD4 is enriched in round spermatids in regions
of the genome from which histones will be largely evicted in mature sperm [see “Sperm
Nuc” in Fig. 2.6A,E; F (evicted = “E”)]. In contrast, BRD4 is depleted from regions of
the genome where histones are most retained in mature sperm [see “Sperm Nuc” in Fig.
2.6A,E; F (retained = “R”)].

Figure 2.6 In round spermatids, BRD4 is enriched in intergenic regions where histones will be largely
evicted in mature sperm (opposite page)
(A) ChIP-sequencing reveals different patterns of enrichment for BRD4 and various histone PTMs in round
spermatids relative to nucleosomes that are retained in mature sperm (“Sperm Nuc”). UCSC-defined genes
are shown at the bottom in blue. Genomic location is indicated at the top. The y axis is ChIP enrichment
(normalized to H3). The x axis is DNA sequence. (B) ChIP sequencing in round spermatids shows highly
similar enrichment patterns of two different BRD4 antibodies. Genomic location is indicated at the top.
UCSC-defined genes are shown at the bottom in blue. The y axis is ChIP enrichment (normalized to H3).
The x axis is DNA sequence. (C) Percentage of total ChIP-seq reads for BRD4 and various histone PTMs
in round spermatids in promoter, gene, or intergenic regions. (D) Heatmap representation of genome-wide
correlation of BRD4 (two different antibodies) and various histone PTMs in round spermatids. Correlation
was determined over 10 kilobase pair windows across the genome. Values used to make the heatmap are
found in Table 2.3.
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We then performed the same analysis with various histone PTMs to determine other
chromatin features that are present on retained/evicted nucleosomes. We found that
“active” marks, such as H3K9/27ac, H4K5ac, and H3K4me3, are generally enriched in
regions of the genome where histones are most retained in mature sperm (Fig. 2.6A,F).
Conversely, BRD4, H4K8/12/16ac and H3K9me3 appear to be more enriched in regions
of the genome where histones are largely evicted in mature sperm (Fig. 2.6A,F). For
BRD4 and all histone PTMs analyzed, enrichment at either evicted or retained histones in
mature sperm was determined to be statistically significant (Table 2.4). Taken together,
our data strongly suggest that a specific chromatin signature may “mark” some
histones/nucleosomes for retention and some for eviction by proteins such as BRD4.

Figure 2.6 In round spermatids, BRD4 is enriched in intergenic regions where histones will be largely
evicted in mature sperm (continued)
(E) Average ChIP-seq enrichment of BRD4 in round spermatids over regions (highlighted in gray) where
histones are most highly evicted (red) or retained (green) in mature sperm, plus upstream and downstream
sequences of the same size. (F) Average Chip-seq enrichment of BRD4 and various histone PTMs in round
spermatids over regions where histones are most highly evicted (E) or retained (R) in mature sperm.
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2.3 Discussion
Mammalian spermatogenesis results in a specialized sperm cell with a highly
compacted nucleus. A hallmark of this nuclear compaction is the removal of almost all
histones from the genome, with a small percentage specifically retained at
developmentally important loci (Brykczynska et al, 2010; Hammoud et al, 2009). While
the mechanism of mass histone removal and degradation remains unclear, it is believed
that histone hyper-acetylation and thus, bromodomain-containing proteins, especially
BRDT, are integral to this process (Berkovits & Wolgemuth, 2011; Gaucher et al, 2012;
Govin et al, 2004; Qian et al, 2013; Shang et al, 2007). Surprisingly little is known about
the involvement of the other BET family members – BRD2, BRD3, and BRD4 – during
spermiogenesis, although the Brd4 heterozygous null male mouse was shown to have
defects in spermatogenesis (Houzelstein et al, 2002).
BRD4 has recently emerged as a versatile and interesting acetylation-binding
chromatin component, playing both transcriptional and structural roles in various model
systems (McBride & Jang, 2013; Voigt & Reinberg, 2011). Here we observe a novel
ring-like BRD4 structure that is closely associated, both spatially and functionally, with
the acrosome/acroplaxome. The unique spermatid-specific BRD4 structure contrasts
dramatically with the diffuse or slightly punctate nuclear localization of BRD4 in cycling
cells during interphase (Dey et al, 2000). In spermatids, the BRD4 ring forms just
adjacent to the acroplaxome, which anchors the acrosome to the nuclear envelope, at a
time when histones are becoming hyper-acetylated. Importantly, the BRD4 ring does not
form in acrosomal mutant mice, which show chromatin compaction defects during
spermiogenesis.
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While it is unclear how BRD4 protein becomes localized in an apparent polymer
adjacent to the acroplaxome, it has been previously shown with bimolecular fluorescence
complementation and fluorescence resonance energy transfer experiments that BRD4 and
BRDT, respectively, are able to polymerize (Gaucher et al, 2012; Wang et al, 2012).
Future studies, such as mass spectrometry analysis, will provide critical insight into
potential binding partners or post-translational modifications of BRD4 that may induce
the formation of the ring structure in round and elongating spermatids. Regardless, this
striking BRD4 localization suggests an interesting link between a chromatin component
known to bind to acetylated histones and extra-nuclear spermatogenic structures.
Our observations strongly support an increasing body of evidence that acrosome
formation plays a key role in nuclear compaction and chromatin remodeling during
spermiogenesis. Our immunofluorescence data and that of a recent study in human
spermatids shows that acetylated histones in the nucleus are depleted first in the region
directly adjacent to the acrosome, where initial DNA compaction occurs (De Vries et al,
2012). Moreover, various chromatin-associated proteins known to be involved in
chromatin compaction, such as H1T2, are found in the nucleus adjacent to the acrosome
(Martianov et al, 2005). Finally, it has been suggested that the acroplaxome is able to
provide contractile force to the compacting nucleus (Kierszenbaum & Tres, 2004). It is
unclear whether histones are degraded within the nucleus or shuttled out of the nucleus
first during spermiogenesis; however, recent studies have shown that histone removal,
while delayed, still occurs in mice lacking PA200, the acetylated histone-binding
activator of the spermatogenesis-specific proteasome (Qian et al, 2013).

	
  

	
   74	
  

As histone removal followed by degradation appears to be the most supported
model, the BRD4 ring is in an ideal location to facilitate this potential histone shuttling,
as it has been shown that the nuclear membrane underlying the expanding acrosomal cap
is devoid of any nuclear pores (Goudarzi et al, 2014; Ho, 2010). If, as our data suggest,
the acrosome is coupled to the extensive removal of histones from the genome, the forceproviding acroplaxome could act through the BRD4 ring to facilitate histone shuttling at
the base of the acrosome where nuclear pores and lamins B1 and B3 are still present. We
propose a model in which BRD4 (along with potential binding partners) is linked to the
acroplaxome and helps to remove histones from the genome as the acrosome passes over
the condensing nucleus (See model in Fig. 2.7).

Figure 2.7 BRD4 forms a link between the acroplaxome and the chromatin of spermatids
Model showing the locations of different cellular features associated with the spermatid nucleus. BRD4
(green) forms a ring structure between the nucleus (blue) and the acroplaxome (red) in a key region of the
nuclear membrane where the Lamin B1-enriched posterior portion meets the acrosome-associated, nuclear
pore-depleted anterior portion.
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Consistent with our model, our unprecedented combination of IP/mass
spectrometry and ChIP-seq analysis of BRD4 with endogenous antibodies underscore the
in vivo interaction of BRD4 with chromatin of round spermatids in a specific manner.
Importantly, we performed our analyses in round spermatids, the stage at which the
BRD4 ring first appears and where we see an increase in histone H4 acetylation by
western blot, IF, and mass spectrometry (Figs. 2.1A,C,D and 2.3C). Also, in this cell
type, we were able to capture the chromatin state just before histone replacement and vast
compaction begin. Although the enrichment patterns of these chromatin features may
change later in spermiogenesis, we have characterized an important transitional
chromatin stage. Indeed, others and we have observed chromatin signatures in round
spermatids such as bivalency (the presence of both H3K4me3 and H3K27me3) at
developmentally important loci that are known to persist in mature sperm (Brykczynska
et al, 2010; Hammoud et al, 2009; Lesch et al, 2013).
BRD4 has been traditionally associated with euchromatin, active transcription, or
mitotic bookmarking (Dey et al, 2009; Jang et al, 2005; Leroy et al, 2012; Mochizuki et
al, 2008; Yang et al, 2007; Yang et al, 2005; Zuber et al, 2011). Our observations
suggest that BRD4 does not play a role in transcriptional activation in round spermatids.
Unlike BRDT, which has been shown to be associated with active transcription in
spermatids, BRD4 is largely depleted from the promoters of transcriptionally active genes
and does not interact with P-TEFb components in this cell type (Gaucher et al, 2012).
The ChIP-sequencing data indicates most strikingly that BRD4 is largely depleted from
genic regions of the genome that are enriched for specific histone PTMs traditionally
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associated with active transcription – H3K4me3, H3K9/27ac, and H4K5ac – and that
largely retain histones in mature sperm (Erkek et al, 2013).
Importantly, our ChIP-seq data also revealed low-level BRD4 binding to
intergenic regions of the genome where histones are most depleted in mature sperm.
These regions are similarly enriched for H4K8,12,16ac and H3K9me3. IP/mass
spectrometry analysis of BRD4 in round spermatids confirmed that H3K9me3 and triand tetra-acetylated H4, especially peptides containing H4K16ac, are enriched in
immunoprecipitated chromatin from round spermatids. BRD4-immunoprecipitated
chromatin from round spermatids contained higher percentages of tri- and tetra-acetylated
H4 than in MEFs, suggesting that BRD4 binds to increasingly hyper-acetylated histone
H4 in spermatids. It is likely that the BRD4 ring associates transiently with only a small
proportion of the genome at any point in any single round spermatid, which may explain
the low level enrichment of BRD4. It is also possible that BRD4 that is undetectable by
IF binds to the genome within the nucleus and then is shuttled to the ring structure.
Although the course of action is unclear, the IP/mass spectrometry and ChIP-seq data
suggest that BRD4 may preferentially bind to acetylated histones that are eventually
removed from the genome in mature sperm.
Our ChIP-sequencing analyses also suggest that the histones that are eventually
retained in mature sperm are protected from eviction via an unknown shielding
mechanism, as the sperm-retained histones are indeed marked in round spermatids by
PTMs such as H3K9ac and H4K5ac that were shown to be preferred binding targets for
BRD4 and other bromodomain-containing proteins (Dey, 2003; Leroy et al, 2012; Liu et
al, 2008; Morinière et al, 2009). BRD4 may act directly to preferentially remove histones
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that are enriched for specific PTMs such as H4K8/12/16ac or H3K9me3, as these PTMs
are enriched in round spermatids on histones that are largely evicted from the mature
sperm genome. While BRD4 is known to bind to poly-acetylated histone H4 in vitro, its
relationship to H3K9me3 requires further investigation (Dey, 2003; Leroy et al, 2012;
Liu et al, 2008). It is also interesting to consider that BRD4 may bind to acetylated
histones or other acetylated chromatin-associated proteins in order to provide a tethering
force (via the acroplaxome) for chromatin compaction and reorganization. Indeed, a
growing body of evidence implicates BRD4 in structural roles such as tethering,
insulating, and maintaining higher-order chromatin structure (Baxter et al, 2005; Floyd et
al, 2013; Wang et al, 2012; You et al, 2004).
The necessity of BRD4 in histone removal or chromatin compaction during
spermiogenesis is difficult to determine in the current absence of a conditional knockout
mouse or reliable spermatogenic cell culture system. Knockdowns in the germline are
extremely difficult, and staged cell populations are not easily obtainable or manipulated
in cell culture. Moreover, treatment of male mice with JQ1 results in a meiotic arrest,
before the BRD4 ring appears (Matzuk et al, 2012). However, we have gained some
insight into BRD4 ring function through the use of the Hrb acrosomal mutant mouse.
Mouse mutants that are unable to form an acrosome show nuclear compaction and
fertility defects that are highly similar to human globozoospermia, a condition in which
the acrosome is malformed or absent, the sperm head is round, and chromatin compaction
is abnormal (Fujihara et al, 2012; Kang-Decker, 2001; Lin et al, 2007; Xiao et al, 2009;
Yao, 2002). We show that acrosome biogenesis is required for BRD4 ring formation in
spermatids, strongly suggesting a close functional association of these two structures.
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Future ChIP-sequencing studies in acrosomal mutant mice will elucidate potential defects
in the chromatin signature characteristic of spermiogenesis.
Our combined approaches of immunofluorescence, mass spectrometry, and ChIPsequencing suggest that the BRD4 ring is a key player in chromatin reorganization during
spermiogenesis. Importantly, our characterization of BRD4 contributes to the growing
body of evidence that dramatic chromatin events taking place in the nucleus during
spermiogenesis may be directly affected by extra-nuclear changes in cell structure and
composition. Further investigation should reveal other proteins that are also involved in
this process and elucidate the mechanism by which histones are removed from the
genome in a seemingly acrosome-dependent manner. Finally, it would be interesting to
investigate how BRD4, BRDT, and possibly other bromodomain-containing proteins may
coordinate to remove histones from the spermatid genome. The future study of various
steps in this intricate process of nuclear compaction and shaping will lead to a better
understanding of chromatin dynamics and epigenetic signature in sperm and of
mammalian fertility.

2.4 Materials and Methods
2.4.1 Antibodies
Primary antibodies used for immunofluorescence were H3K9ac (Active Motif
AM39137), H3K27ac (Abcam ab4729), H4K5ac (Abcam ab1758), H4K8ac (Millipore
07-328), H4K12ac (Millipore 07-595), H4K16ac (Active Motif AM39167),
H4K5,8,12,16ac (Millipore 05-1355), BRD4 (Lamonica et al, 2011), lamin B1 (Santa
Cruz sc6217), phalloidin-488 (Invitrogen A12379), and PNA-488 (Invitrogen L21409).
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Primary antibodies used for immunoprecipitation and western blot were H3 (Abcam
ab1791), H4 (Abcam ab10158), H3K4me3 (Abcam ab8580), H3K9ac (Active Motif
AM39137), H3K9me3 (Abcam ab8898), H3K27ac (Abcam ab4729), H3K27me3
(Abcam ab6002), H4K5ac (Millipore 07-327), H4K8ac (Millipore 07-328), H4K12ac
(Millipore 07-595), H4K16ac (Active Motif AM39167), H4K5,8,12,16ac (Millipore 051355), BRD4 (Abcam ab128874), BRD4 (Bethyl A301-985A50), and BRD4 (Lamonica
et al, 2011).
2.4.2 Mouse models
Male 129S6/SvEvTac mice (Taconics, Germantown,NY) as well as Hrb-/- gene-disrupted
mice (Kang-Decker, 2001) were maintained and humanely euthanized according to the
guidelines of the University of Pennsylvania Institutional Animal Care and Use
Committee.
2.4.3 Mouse spermatogenic cell fractionation
Spermatogenic cell fractionation was performed by sedimentation of cells prepared from
adult mouse testes through a BSA gradient as previously described (Bryant et al, 2013).
Each fractionation experiment used approximately 22 testes. Fractions were analyzed for
purity based on cell and nuclear morphology (via DAPI staining) and pooled. Mature
spermatozoa were obtained from epididymides of adult mice, and contaminating cell
types were eliminated by incubating in somatic cell lysis buffer (0.1% SDS, 0.5% Triton
X-100 in DEPC H2O) on ice for 20 minutes.
2.4.4 Western blot analysis
Cells were resuspended in buffer (HEPES 50mM pH 7.9, glycerol 20%, NaCl 150mM,
MgCl2 3mM, trichostatin A 300nM, Protease cocktail Complete (Roche, Indianapolis,
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IN)) and rotated at 4°C for 15 min. Lysate was sonicated for 15 minutes on high (30
seconds on, 30 seconds off) with a sonicator (Bioruptor Standard (UCD-200), Diagenode,
Denville, NJ). Protein content was measured with Bradford dye and an equal volume of
Lammeli buffer was added. Protein lysate containing 30ug of protein was added to each
well of a 4-12% 1mm Bis-Tris NuPAGE protein gel. Protein was transferred to a PVDF
membrane and blocked for one hour in 5% BSA-TBST. Membrane was incubated with
primary antibody (in 1% BSA-TBST) for one hour, washed, incubated with secondary
HRP-conjugated antibody (in 1% BSA-TBST) for 30 minutes, washed, and detected
using enhanced chemiluminescence.
2.4.5 Immunofluorescence of cryosections of mouse testes
Immunofluorescence was performed on 8µm cryosections of mouse testes from tenweek-old mice. Testes were dissected and immediately placed in 4% PFA (in PBS) or
snap frozen in liquid nitrogen. The PFA-fixed testes were incubated in 15%, then 30%
sucrose (in PBS) and embedded in TissueTek OCT compound. The snap frozen tissue
was cryosectioned, and sections were fixed for 15min in 4% formaldehyde at room
temperature. Fixed sections were washed 3 x 5min and incubated with 125mM glycine
(in PBS) for one minute at room temperature. Sections were washed 3 x 5 min in PBS,
then permeabilized with 0.1% Triton-X100 for two minutes at 4°C. Sections were
washed 3 x 5 min in PBS, then blocked with 3% donkey serum in PBS for one hour at
37°C. Sections were incubated with primary antibody (in 3% donkey serum in PBS) for
one hour at 37°C and washed 3 x 5 min in PBS. Sections were incubated with 5ug/mL
(in 3% donkey serum in PBS) Alexafluor secondary antibody (Invitrogen) for 30min at
37°C, then washed 3 x 5min in PBS. Sections were then incubated with DAPI
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(Invitrogen, 5ug/mL in 3% donkey serum in PBS) and embedded in Prolong Gold Antifade reagent (Invitrogen). Tissue sections were imaged with a Leica TCS SP8 confocal
microscope and pseudo-3D images were created using Velocity 6 software.
2.4.6 Immunoprecipitation and mass spectrometry
Antibody-coupled beads were prepared by incubating 30uL/IP protein G Dynabeads (Life
Technologies) with 10ug primary antibody or rabbit IgG (Pierce 31235) in 0.5% BSAPBS for six hours at 4°C with rotation. Cells were resuspended in cells in lysis buffer
(Tris 20mM pH 7.5, MgCl2 1mM, CaCl2 1mM, NaCl 137mM, glycerol 10%, NP-40 1%,
Complete Protease inhibitor EDTA-free (Roche), NaB 10mM, 300nM Trichostatin A),
after which 12.5 U/mL benzonase was added. Lysates were incubated for one hour at
4°C with rotation. and then cleared by centrifugation at 14,000 rpm for 10 minutes.
Supernatant was removed and protein concentration was measured with Bradford dye.
After incubating with antibody, beads were washed three times with 1mL buffer. One
mg protein from the lysate was added to the beads and incubated overnight at 4°C with
rotation. Beads were washed five times with 1mL buffer. Beads were resuspended in
30uL sample buffer and incubate for five minutes at 90°C. Eluate was separated from the
beads and analyzed for enriched histone modifications compared to input samples with
mass spectrometry (MS). In-gel histone proteins were derivatized twice with a mixture
of propionic anhydride and 100 mM ammonium bicarbonate (1:1) for 15 min under
vigorous vortexing and then digested with 12.5 ng/ul of trypsin at room temperature
overnight. Resultant histone peptides were extracted from the gel, re-propionylated twice,
and then desalted using C18-based homemade stage-tips before MS analysis. Desalted
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peptides were separated by reverse phase nanospray liquid chromatography with the
Thermo Scientific Easy-nLC 1000 system and an in-house packed C18 resin column
(15cm in length and 3µm in particle size). Buffer A is water with 0.1% formic acid.
Buffer B is acetonitrile with 0.1% formic acid. Histone peptides were eluted by a gradient
from 2% to 30% of buffer B for 35 min, 30% to 98% of buffer B for 20 min followed by
a wash at 98% of buffer B for 15min with a flow rate of 200 nl/min. Mass spectrometry
was performed on a Thermo Scientific Orbitrap Velos Pro hybrid ion trap-Orbitrap mass
spectrometer. Each cycle includes one full MS scan (m/z 290 to 1400, resolution of
60,000, AGC target value of 1x106), followed by seven data-dependent MS2 scans of the
most intense peptide ions using CID (normalized collision energy of 35%, isolation width
of 3 m/z, AGC target value of 1x104). In the section between 23 min and 45 min, MS2
scans targeting precursor ions with m/z of 528.30, 570.84, 768.95, 761.94 and 754.93
(isolation width of 1 m/z) were performed for the determination of acetylation sites on
histone peptides with multiple lysines. Dynamic exclusion of 25 s was used to prevent
repeated analysis of the same components. Ions with a charge state of one or more than
four and a rejection list of common contaminant ions were excluded from the analysis.
Histone peptides were identified based on retention times and tandem MS. Abundance of
histone peptides were quantified by integrating the area under each peak in the MS
chromatogram using Thermo Scientific Xcalibur Qual Browser. The LC-MS/MS data
sets were also analyzed using in-house developed software as previously described
(Leroy et al, 2012).
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2.4.7 ChIP-qPCR and ChIP-seq
ChIP-seq for BRD4 and histone post-translational modifications was carried out as
previously described with minor modifications (Shah et al, 2013). Cells were crosslinked in 1% formaldehyde in PBS for 10 minutes at room temperature. The reaction was
quenched with 125mM glycine in PBS for five minutes at room temperature. After cell
lysis, lysates were sonicated for 45 minutes (30 seconds on, 30 seconds off) on high with
a Diagenode bioruptor (UCD-200). For each IP, 500µg of protein from the cell lysate,
30uL protein G Dynabeads, and 5µg of antibody or IgG (Pierce 31235) were used.
Following elution, ChIP DNA was analyzed by standard qPCR methods on a 7900HT
Fast-Real-Time PCR (ABI) with primers that amplify a region at the Myc promoter: 5’–
GGTCCAGGGTACATGGCGTA-3’ and 5’-GCAGGTGGAACAGCTGCCT-3’. ChIP
libraries for sequencing were prepared with 100ng DNA following Illumina protocols
(Illumina, San Diego, CA) with minor modifications. Briefly, DNA ends were repaired
with T4 DNA polymerase, Klenow polymerase, and T4 polynucleotide kinase (New
England Biolabs). Samples were then incubated with Klenow (exo) (New England
Biolabs) and dATP to generate single base 3′-dA overhang. Multiplexing adaptors (New
England Biolabs) were ligated to the resulting DNA. DNA size selection was carried out
using Agencourt Ampure XP beads. DNA was amplified using multiplexing PCR
primers (New England Biolabs) and size selection was again carried out using Agencourt
Ampure XP beads. Libraries were sequenced using a HiSeq 2000 machine (Illumina) as
per manufacturer's protocols.
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2.4.8 ChIP-seq data analysis
All ChIP-seq data were aligned to NCBI build 37 of the mouse genome (assembly mm9)
using bowtie with parameters --best and -m 1 for BRD4 and all histone marks except
H3K9me3, which was aligned without the -m 1 filter to allow binding at repetitive
regions. All aligned tags were filtered for PCR duplicates, collapsing any tag-pileup with
the same start, stop, and strand to a single representative. Track visualizations were
created by binning tag start sites in contiguous, non-overlapping 100bp bins and
normalizing binned tag counts to the number of millions of tags sequenced, then
subtracting a similarly normalized bin map for H3.
2.4.8.1 Meta-promoter diagram
The meta-promoter diagram was made by assessing BRD4 or BRDT aligned tags in 40bp
increments two kilobase pairs up and downstream of the TSS of every gene expressed
specifically in round spermatids versus spermatogonia and pachytene meiotic cells
(Mulugeta Achame et al, 2010; Namekawa et al, 2006). Resulting vectors were
normalized to the number of millions of tags sequenced and then averaged, subtracting
the corresponding average input vector. The final curves were smoothed using a spline
function with a smoothing parameter of 0.35.
2.4.8.2 Genomic compartment plot
The genomic compartment plot was made by partitioning the genome into "promoter,"
"gene," and "intergenic" partitions based on ENSEMBL annotated transcripts. Genes
were as given, promoters were defined as 1kb upstream regions of every TSS, and all
remaining genomic sequence was called intergenic. For BRD4 and each histone PTM, the
top 10% of all genome-wide 1kb windows enriched for the ChIP over background (input
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or H3, respectively) was tabulated and these were assessed for overlap with genomic
partitions. If a top-scoring 1kb region overlapped with any promoter, it was called
promoter-associated; if it failed to overlap with promoters but overlapped with any gene
body, it was called gene-associated; otherwise, it was called intergenic. Plots were made
by assessing percentage of windows associated with each genomic feature.
2.4.8.3 Evicted/retained BRD4 plot and histone box plot
Three replicate MNase-seq maps from round spermatids (NCBI GEO accessions:
GSM1046827, GSM1046828, GSM1076253) were pooled into contiguous, nonoverlapping 1kb windows, and the top 1% and the bottom 1% of windows for MNase-seq
signal were designated "retained" and "evicted" positions, respectively. Importantly, the
bottom 1% set were chosen to have at least some MNase-seq signal (one or more aligned
tags), to eliminate confounding errors from sequencing/alignment defects at specific loci.
For Figure 2.6E, regions of histone retention across the genome were length-normalized
(represented by gray shaded region). These regions plus 100% flanking regions were
analyzed for BRD4 levels and the genome-wide average was plotted (green). The same
analysis was done for regions of histone eviction (red). For Figure 2.6F, aligned tags for
BRD4 and each histone PTM were tabulated at each of the evicted and retained histone
positions, then normalized by the number of millions of tags sequenced and by input.
Box-and-whisker plots show the distribution of normalized counts across all evicted and
retained positions, and statistical significance was assessed by the Mann-Whitney test.
2.4.8.4 ChIP versus expression heatmap
RefSeq transcripts were assessed for expression in round spermatids by loading two
previously published replicate data sets (GSM95950 and GSM95951 in GEO series
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GSE4193) into the Partek Genomics Suite software package. Data were backgroundcorrected with GC-RMA, quantile-normalized, and median polished along with all other
data sets in the GSE4193 series. Promoters associated with these expression-scored
transcripts were assessed for numbers of aligned tags in each indicated ChIP. Tag counts
were then normalized to the number of millions of tags sequenced as well as input (for
BRDT and BRD4) or H3 (for histone PTMs). Brightness for each track is scaled to the
maximum ChIP value in that track. Tracks are sorted in order of least expressed to most
expressed gene.
2.4.8.5 Correlation analysis
For each ChIP-seq experiment, aligned tags that had been filtered for PCR duplicates
were assigned to contiguous, non-overlapping 1 kilobase pair windows based on the tag
start coordinate. Tag counts for each window were normalized to the number of millions
of tags sequenced as well as to the H3 ChIP. For each pair-wise correlation analysis
between experiments, all windows with any enrichment over H3 were pooled and a cutoff
was set at the 80th percentile value of this distribution. Any windows in either
experiment with values less than this cutoff were considered to be non-informative and
were removed from analysis. From the remaining scored windows enriched in both
ChIPs, a Pearson correlation coefficient and R2 were assessed.
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2.5 Tables
Table 2.1 Mass spectrometry analysis of BRD4-immunoprecipitated histones from
mouse embryonic fibroblasts and round spermatids
Quantification of the degree of acetylation or methylation of histone H3 (amino acids 9 to
17, KSTGGKAPR) or H4 peptide (amino acids 4 to 17, GKGGKGLGKGGAKR) in total
and BRD4-immunoprecipitated chromatin from mouse embryonic fibroblasts (MEF) and
round spermatids (RS). “% Total Peptide” is the total percentage of each modified
peptide form in a sample.
Peptide
H3 (9-17)

% Total Peptide

RS IP/Total

K9unK14un

MEF
Total
11.61%

MEF
IP
15.42%

RS
Total
50.44%

RS IP
57.84%

K9me1K14un

7.06%

9.91%

21.04%

K9me2K14un

33.95%

32.42%

K9me3K14un

16.03%

13.97%

K9acK14un

1.36%

K9unK14ac

RS/MEF

RS/MEF log2

log2

Total

IP

Total

IP

1.15

0.20

4.34

3.75

2.12

1.91

17.93%

0.85

-0.23

2.98

1.81

1.57

0.86

3.71%

2.77%

0.75

-0.42

0.11

0.09

-3.19

-3.55

2.76%

8.78%

3.18

1.67

0.17

0.63

-2.54

-0.67

1.35%

2.65%

0.00%

0.00

-18.02

1.95

0.00

0.96

-17.04

4.25%

4.42%

11.48%

11.86%

1.03

0.05

2.70

2.68

1.43

1.42

K9me1K14ac

2.98%

3.62%

5.45%

0.00%

0.00

-15.73

1.83

0.00

0.87

-15.14

K9me2K14ac

15.37%

12.12%

0.66%

0.38%

0.58

-0.78

0.04

0.03

-4.54

-4.98

K9me3K14ac

6.56%

5.19%

0.47%

0.44%

0.94

-0.09

0.07

0.09

-3.79

-3.55

K9acK14ac

0.83%

1.58%

1.33%

0.00%

0.00

-17.02

1.61

0.00

0.69

-17.27

H4 (4-17)

	
  

Un

76.23%

76.73%

40.84%

46.70%

1.14

0.19

0.54

0.61

-0.90

-0.72

1ac

17.82%

16.31%

49.01%

32.46%

0.66

-0.59

2.75

1.99

1.46

0.99

2ac

5.00%

4.58%

8.24%

8.32%

1.01

0.01

1.65

1.82

0.72

0.86

3ac

0.70%

1.27%

1.41%

6.17%

4.38

2.13

2.02

4.84

1.02

2.27

4ac

0.25%

1.10%

0.50%

6.34%

12.62

3.66

2.02

5.75

1.01

2.52

K5unK8unK12unK16u
n
K5acK8unK12unK16un

76.90%

77.77%

41.65%

47.93%

1.15

0.20

0.54

0.62

-0.88

-0.70

2.07%

2.37%

0.31%

1.77%

5.74

2.52

0.15

0.75

-2.75

-0.42

K5unK8acK12unK16un

1.51%

1.49%

8.61%

0.68%

0.08

-3.67

5.72

0.46

2.52

-1.13

K5unK8unK12acK16un

3.34%

2.69%

15.96%

2.87%

0.18

-2.47

4.78

1.07

2.26

0.09

K5unK8unK12unK16ac

11.10%

9.63%

23.43%

27.67%

1.18

0.24

2.11

2.87

1.08

1.52

K5acK8acK12unK16un

0.21%

0.31%

0.19%

0.57%

2.95

1.56

0.93

1.86

-0.11

0.90

K5acK8unK12acK16un

2.30%

1.99%

0.82%

1.72%

2.10

1.07

0.36

0.86

-1.49

-0.21
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K5acK8unK12unK16ac

0.27%

0.42%

2.39%

1.78%

0.74

-0.43

8.89

4.20

3.15

2.07

K5unK8acK12acK16un

0.34%

0.54%

0.50%

0.54%

1.07

0.10

1.47

0.99

0.55

-0.01

K5unK8acK12unK16ac

0.77%

0.34%

2.25%

1.60%

0.71

-0.49

2.93

4.67

1.55

2.22

K5unK8unK12acK16ac

0.79%

0.45%

2.14%

1.55%

0.73

-0.46

2.70

3.41

1.43

1.77

K5acK8acK12acK16un

0.08%

0.47%

0.23%

1.02%

4.51

2.17

2.66

2.19

1.41

1.13

K5acK8acK12unK16ac

0.06%

0.21%

0.45%

2.40%

5.39

2.43

7.61

11.28

2.93

3.50

K5acK8unK12acK16ac

0.05%

0.10%

0.14%

0.64%

4.48

2.16

3.05

6.53

1.61

2.71

K5unK8acK12acK16ac

0.11%

0.31%

0.51%

1.47%

2.87

1.52

4.63

4.80

2.21

2.26

K5acK8acK12acK16ac

0.10%

0.91%

0.42%

5.79%

13.68

3.77

4.25

6.33

2.09

2.66

Table 2.2 ChIP-seq data alignment information
Total aligned reads compared to uniquely-mapped reads for each ChIP-seq sample
Sample
Aligned Reads
BRD4 #1
41822843
BRD4 #2
49118921
Input
136813802
H3K4me3
59230613
H3K27me3
82757991
H3K9me3
20915969
H3K9ac
60816227
H3K27ac
61881363
H4K5ac
37281055
H4K8ac
45595333
H4K12ac
40667584
H4K16ac
32336700
H3 (no -m 1)
65324836
H3
52388195

Unique Reads
7808682
5155051
122115719
38436559
31524790
17331452
24060897
48349391
29039506
3241530
12844180
9973155
60458592
49429034

% Unique
18.67
10.50
89.26
64.89
38.09
82.86
39.56
78.13
77.89
7.11
31.58
30.84
92.55
94.35

Table 2.3 Genome-wide ChIP-seq correlation in round spermatids
R2 values of genome-wide correlation of BRD4 (two different antibodies) and various
histone PTMs in round spermatids. Correlation was determined over 10 kilobase pair
windows across the genome. Yellow indicates a negative correlation.
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H3K9ac

H3K27ac

H4K5ac

H4K8ac

H4K12ac

H4K16ac

BRD4 #1

BRD4 #2

0.264
0.595
0.365
0.268
0.14
0.186
0.031
0.004
0.0003

H3K9me3

H3K4me3
H3K4me3
H3K9me3
H3K9ac
H3K27ac
H4K5ac
H4K8ac
H4K12ac
H4K16ac
BRD4 #1
BRD4 #2

0.264

0.595
0.293

0.365
0.03
0.722

0.268
0.096
0.609
0.893

0.14
0.33
0.345
0.582
0.583

0.186
0.409
0.423
0.518
0.552
0.787

0.031
0.432
0.117
0.203
0.183
0.652
0.715

0.004
0.307
0.038
0.044
0.119
0.49
0.482
0.673

0.0003
0.306
0.005
0.012
0.044
0.548
0.433
0.676
0.918

0.293
0.03
0.096
0.33
0.409
0.432
0.307
0.306

0.722
0.609
0.345
0.423
0.117
0.038
0.005

0.893
0.582
0.518
0.203
0.044
0.012

0.583
0.552
0.183
0.119
0.044

0.787
0.652
0.49
0.548

0.715
0.482
0.433

0.673
0.676

0.918

Table 2.4 Statistical significance of ChIP-seq enrichment in round spermatids at
regions most enriched for retained versus evicted histones in mature sperm
The box-and-whisker plot in Figure 2.6F shows the distribution of normalized ChIP-seq
counts across all evicted and retained positions. Statistical significance was assessed by
t-test (“P-Value”) and the Mann-Whitney test (“Wilcoxon”).
Comparison Alternative Hypothesis
BRD4
Evicted Enriched
H3K9ac
Retained Enriched
H3K27ac
Retained Enriched
H4K5ac
Retained Enriched
H4K8ac
Evicted Enriched
H4K12ac
Evicted Enriched
H4K16ac
Evicted Enriched
H3K4me3
Retained Enriched
H3K27me3
Retained Enriched
H3K9me3
Evicted Enriched
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P-Value
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16
< 2.2E-16

Wilcoxon
4103250
40353045
79475428
70607446
5967124
30825150
16315762
59890082
41445059
15198416

CHAPTER THREE
THE LINKER HISTONE PLAYS A DUAL ROLE DURING GAMETOGENESIS
IN S. Cerevisiae
taken from (Bryant et al, 2012)
Jessica M. Bryant, Jérôme Govin, Liye Zhang, Greg Donahue, B. Franklin Pugh, Shelley L. Berger

The differentiation of gametes involves dramatic changes to chromatin, affecting
transcription, meiosis, and cell morphology. Sporulation in S. cerevisiae shares many
chromatin features with spermatogenesis, including a ten-fold compaction of the nucleus.
To identify new proteins involved in spore nuclear organization, we purified chromatin
from mature spores and discovered a significant enrichment of the linker histone (Hho1).
The function of Hho1 has proven elusive during vegetative growth, but here we
demonstrate its requirement for efficient sporulation and full compaction of the spore
genome. Hho1 ChIP sequencing revealed increased genome-wide binding in mature
spores and provides novel in vivo evidence of the linker histone binding to nucleosomal
linker DNA. We also link Hho1 function to the transcription factor Ume6, master
repressor of early meiotic genes. Hho1 and Ume6 are depleted during meiosis, and
analysis of published ChIP-chip data during vegetative growth reveals a high binding
correlation of both proteins at promoters of early meiotic genes. Moreover, Ume6
promotes binding of Hho1 to meiotic gene promoters. Thus, Hho1 may play a dual role
during sporulation: Hho1 and Ume6 depletion facilitates the onset of meiosis via
activation of Ume6-repressed early meiotic genes, whereas Hho1 enrichment in mature
spores contributes to spore genome compaction.
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3.1 Introduction
Gametogenesis is a complex, highly regulated differentiation program that is
integral to the survival of higher eukaryotes. Chromatin structure changes dramatically
over the course of mammalian spermatogenesis and yeast sporulation. Both of these
processes include tightly-regulated meiotic and post-meiotic phases. During the postmeiotic differentiation phase, the haploid spore or sperm sheds most cytoplasm and
compacts the genome to a high degree. In mammals, this chromatin compaction is
achieved through the histone-to-protamine transition. However, histone replacement
does not occur in yeast and certain other higher eukaryotes (Eirín-López & Ausió, 2009).
In fact, nucleosome positioning does not change substantially in mature spores compared
to vegetatively growing yeast (Zhang et al, 2011). Thus, it is unclear how the yeast
genome is compacted to such a high degree in spores.
Histone PTMs such as H4 acetylation and H4S1ph have been implicated in
genome compaction during the post-meiotic phase of sporulation; however, the
mechanism by which these modifications lead to chromatin compaction is unknown
(Govin et al, 2010; Krishnamoorthy et al, 2006). We hypothesized that other unknown
chromatin-associated factors may also help facilitate chromatin compaction in the spores
of S. cerevisiae as protamines do in mammals. Indeed, here we report that the yeast H1
linker histone (Hho1) is involved in spore chromatin function.
In higher eukaryotes, in vitro studies have shown that H1 binds to the DNA
entry/exit point of the nucleosome and facilitates higher-order chromatin structure such
as the 30nm fiber (Happel & Doenecke, 2009). Hho1 binds to nucleosomes and protects
an extra 20 base pairs of nucleosomal DNA from MNase digestion, similar to higher
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eukaryotic linker histones (Patterton et al, 1998). ChIP-chip and DamID studies in yeast
and Drosophila, respectively, have demonstrated that H1 tends to be highly associated
with nucleosomes and depleted at active genes; however, there is no genome-wide in vivo
evidence for H1 binding to nucleosomal linker DNA (Braunschweig et al, 2009; Schafer
et al, 2008; Zanton & Pugh, 2006).
Furthermore, the precise biological function of H1 remains unclear. One
complicating factor is that several isoforms of H1 are present in humans and mice, and
knockout studies have proven difficult due to functional redundancy (Happel &
Doenecke, 2009). The linker histone represses transcription in vitro, but its
transcriptional role in vivo has been the subject of debate (Croston et al, 1991; Izzo et al,
2008). Although H1 has historically been associated with chromatin compaction and
general repression, several recent studies have implicated the linker histone in the
repression of specific genes via recruitment by transcription factors (El Gazzar et al,
2009; Lee et al, 2004; Mackey-Cushman et al, 2011; Sancho et al, 2008; Studencka et al,
2012; Vicent et al, 2011).
In S. cerevisiae, the function of the linker histone has also proven elusive, as
deletion of HHO1 in vegetatively growing yeast shows no striking phenotype (Patterton
et al, 1998). Hho1 plays subtle structural and transcriptional roles. It is required for
chromatin compaction during stationary phase and for higher-order chromatin
organization during vegetative growth; and it represses homologous recombination in the
context of DNA double strand breaks (Downs et al, 2003; Georgieva et al, 2012; Schafer
et al, 2008). Hho1 has also been implicated in both transcriptional repression and
activation, although the effects of HHO1 deletion on genome-wide transcription are
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modest (Hellauer et al, 2001; Levy et al, 2008; Veron et al, 2006; Yu et al, 2009). Here,
we investigate the role of Hho1 during the entire sporulation program, from induction
through formation of mature spores and on to early germination. We provide evidence
for a dual role for Hho1: first as a gene-specific factor in association with the meiotic
gene repressor Ume6, and second as a genome-wide factor in the regulation of spore
chromatin structure.

3.2 Results
3.2.1 Differential analysis of spore chromatin and identification of Hho1
Over the course of sporulation, the nuclear volume of budding yeast is decreased
as much as ten-fold (Govin and Berger, unpublished data). The extent of genome
compaction in spores is similar to that in mammalian sperm, but mammals and other
higher eukaryotic organisms have evolved a dedicated set of highly basic, sperm-specific
proteins called protamines for this purpose (Kasinsky et al, 2011). We failed to identify
protamine homologues in an in silico search of the yeast genome. Moreover, detection of
histones by western blot analysis suggests that they are largely maintained in spores and
are not generally replaced [this work and (Govin et al, 2010)]. This conclusion is
confirmed by ChIP sequencing analysis showing that nucleosome positioning remains
relatively constant during sporulation (Zhang et al, 2011). Therefore, we hypothesized
that other chromatin-associated factors may be acting to compact the spore genome.
We developed an unbiased biochemical approach to identify nuclear factors
specifically enriched in spore chromatin compared to that in vegetatively growing yeast
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(Fig. 3.1A). First, we used a combination of zymolyase and mutation of the DIT1 gene to
digest the highly resistant sugar polymer and di-tyrosine-enriched cell wall of a >98%
pure population of spores (Fig. 3.1B). We then purified nuclei using standard yeast
protocols involving a hypotonic shock followed by high-speed centrifugation (Fig. 3.1A).
Overall, the protein profiles were similar between nuclear extracts from vegetatively
growing yeast (0Hr) and spores (48Hr) (Fig. 3.1C, “Nuclei”).
Highly basic chromatin-associated proteins such as histones or protamines are
classically purified using acid extraction. To minimize background levels of nuclear
proteins, we performed an acid extraction of nuclei from vegetatively growing yeast and
spores (Fig. 3.1A). This acid extraction led to the identification of a protein that was
highly enriched in spore chromatin, clearly revealed by silver stain (asterisk Fig. 3.1C,
“Acid”). Mass spectrometry analysis of this band revealed several peptides
corresponding to a single yeast protein: Hho1, the yeast H1 linker histone (Fig. 3.1D).
We confirmed enrichment of Hho1 in spore chromatin by comparing chromatin extracts
from vegetatively growing yeast and spores with western blot analysis (Fig. 3.1E). Hho1
protein levels are much higher in the chromatin of mature spores, which is also known to
be marked by acetylation of H4K5, K8, and K16 [Fig. 3.1E and (Govin et al, 2010)].
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Figure 3.1 Differential analysis of spore chromatin and identification of Hho1
(A) Purification scheme. The cell wall is first digested with zymolyase. Nuclei are then released by a
hypotonic shock and washed. Finally, basic proteins present in the chromatin are extracted with sulfuric
acid. (B) Evaluation of the zymolyase digestion. Cells with an intact wall are resistant to lysis in 1% SDS.
Vegetative cells are sensitive to zymolyase (black bars), but wild type spores are resistant (white bars).
Mutation of the DIT1 gene impairs the maturation of the spore wall, which can then be digested by
zymolyase (grey bars). (C) Protein profiles obtained at each purification step, stained by Colloidal
Coomassie or silver stain, in vegetatively growing cells (0Hrs) or in mature spores (48Hrs). Asterisks mark
Hho1. Molecular weights are indicated on the sides of the gels (kDa). (D) Hho1 peptides identified by
mass spectrometry analysis of the band indicated in (C) with asterisks. (E) Western blot analysis of acid
extracts reveals that Hho1 is present at higher levels in spore chromatin (48Hrs) than in that from yeast in
pre-sporulation media (0Hrs). H4 acetylation is detected with an antibody raised against a tetra-acetylated
peptide (H4K5,8,12,16Ac). Molecular weights are indicated on the side of the silver-stained gel (kDa).
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3.2.2 Hho1 is depleted in meiotic yeast and enriched in mature spores
To characterize Hho1expression patterns during the sporulation process, we
performed a sporulation time course and measured HHO1 transcript and protein levels by
reverse transcription followed by quantitative PCR (RT-qPCR) and western blot. Diploid
yeast cells were induced to enter sporulation synchronously, samples were taken at the
indicated time points, and progression of meiosis was monitored by DAPI staining (Fig.
3.2A). HHO1 transcript levels are lowest in vegetatively growing yeast, slowly increase
during meiosis [2-8 Hrs post induction (pi) of sporulation], peak near the end of meiosis
(10 Hrs pi of sporulation), and then decrease after meiosis (12 Hrs pi of sporulation), a
time when transcription of most genes decreases as the nucleus is compacted (Fig. 3.2B,
left). The transcription pattern of HHO1 is similar to that of a well-characterized early
meiotic gene, IME2, and is distinct from that of a late meiotic gene, DIT1 (Fig. 3.2B,
middle and right).
Hho1 protein levels show a distinct pattern compared to HHO1 transcript levels.
The protein is present at a basal level in vegetatively growing yeast, but levels decrease
dramatically during the onset of meiosis (2-4 Hrs pi of sporulation) (Fig. 3.2C).
Interestingly, Hho1 protein levels are at their lowest when DNA is undergoing replication
and crossing over. Moreover, HHO1 transcript levels are relatively stable during the
onset of meiosis (Fig. 3.2B), suggesting that Hho1 protein levels are controlled posttranscriptionally. Hho1 protein then rises to the basal level after meiosis is complete (1012 Hrs pi of sporulation), a stage that is also marked by the attenuation of H3S10ph
(marker of meiotic divisions) and rising levels of H4S1ph (involved in post-meiotic
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chromatin compaction) (Fig. 3.2C) (Krishnamoorthy et al, 2006). Finally, Hho1 levels
peak in mature spores (96 Hrs pi of sporulation) where the nucleus is most compact,
suggesting a role for Hho1 during genome compaction at the end of sporulation (see
below). Hho1 protein returns to basal levels as spores are given nutrients and induced to
re-enter the cell cycle through germination (Fig. 3.2D and E).
	
  
	
  
	
  
	
  
	
  

	
  

	
  
	
  
	
  
Figure 3.2 Hho1 is depleted in meiotic yeast and enriched in mature spores
(A) A sporulation time course indicates the percentage of cells with a single nucleus (vegetatively
growing), two nuclei (dyad), or three or more nuclei (tetrad). Diploid yeast are deprived of nutrients,
induced to enter sporulation synchronously, and stained with DAPI at different times post induction.
Meiotic divisions begin at approximately 8 hours post induction of sporulation. (B) RT-qPCR of RNA
from yeast harvested at different times over the course of sporulation. HH01 is transcribed at a basal level
in vegetatively-growing yeast (Veg), but its transcription increases over the course of meiosis. The HHO1
transcription pattern is similar to that of an early meiotic gene (IME2) and temporally distinct from that of a
late meiotic gene (DIT1). NUP85 is used as a control transcript for all time points.
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Figure 3.2 Hho1 is depleted in meiotic yeast and enriched in mature spores (continued)
(C) Western blot analysis of protein extracts from yeast harvested at different times over the course of
sporulation. Hho1 protein levels decrease dramatically during early meiosis and peak in mature spores.
H3S10ph marks meiotic divisions and H4S1ph marks the beginning of post-meiotic compaction. Total
histone H4 and a colloidal stain of total protein are used as loading controls. (D) Western blot analysis of
protein extracts from yeast harvested at different times over the course of germination. Cell division begins
four hours post induction of germination. Hho1 protein levels decrease during germination as spores reenter the cell cycle. Total histone H4 is used as a loading control. (E) Quantification of the western blot in
(D). Hho1 protein levels are normalized to H4 protein levels. The ratio in vegetative yeast (4 hours post
induction of germination) is set to 1.
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3.2.3 Hho1 helps to compact the spore nucleus late in sporulation
Because Hho1 is enriched in mature spore chromatin, we hypothesized that it may
be acting to compact the genome in mature spores. To determine if Hho1 is required for
spore genome compaction, we compared the nuclear area of WT and hho1∆ spores. Cells
were collected after 48 hours in sporulation media, fixed with formaldehyde, adhered to
slides, and stained with DAPI. Images were taken using an E600 Nikon upright
microscope (an example is shown in Fig. 3.3A). Quantitative immunofluorescence of
spore nuclei revealed that hho1∆ spores have a significantly larger nuclear area (0.73
µm2) than that of WT spores (0.68 µm2) (Fig. 3.3B). Indeed, a histogram demonstrating
the range of nuclear area measurements from WT and hho1∆ spores shows that a greater
percentage of hho1∆ spores fall into larger nuclear size categories while a greater
percentage of WT spores fall into smaller nuclear size categories (Fig. 3.3C). Thus, the
results suggest that Hho1 is required for normal compaction of spore nuclei.
Interestingly, WT and hho1∆ spores germinate with the same efficiency (data not shown),
suggesting that hho1∆ yeast that successfully complete meiosis and progress to the
mature spore stage are viable despite the defect in nuclear compaction.
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Figure 3.3 Hho1 helps to compact the nucleus late in sporulation
(A) WT and hho1∆ spores stained with DAPI demonstrate an increase in nuclear size of hho1∆ spores
compared to WT. (B) hho1∆ spores show a statistically significant increase in nuclear size compared to
WT spores. 600 spore nuclei were counted per strain. Error bars represent standard deviation.
(C) The measurements from (B) were clustered into 0.1-µm2 intervals and are presented as a distribution
across the intervals. A higher percentage of hho1∆ spores show larger nuclear areas than WT spores.
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3.2.4 Hho1 binds linker DNA and helps to compact the spore nucleus by increased
binding genome-wide
It is possible that increased genome-wide Hho1 binding is responsible for spore
genome compaction. Hho1 protein levels are much higher in spores than in vegetatively
growing yeast (Fig. 3.1E), while the number of nucleosomes associated with the DNA
does not change appreciably (Zhang et al, 2011). Thus, the increased ratio of linker
histone to nucleosome may contribute to the compaction of the genome. In order to
uncover differences in Hho1 binding patterns during sporulation, we performed
chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) in growing
yeast and spores. To demonstrate the specificity of the Hho1 antibody, we carried out
ChIP-qPCR with an antibody against endogenous Hho1 in WT and hho1∆ cells (Fig.
3.4A). The ChIP enrichment obtained with the Hho1 antibody in WT cells was
approximately 20 times greater than that obtained with the Hho1 antibody in hho1∆ cells
or with IgG in WT cells, as measured by qPCR of housekeeping gene loci. These results
confirm the specificity of the Hho1 antibody, which we used to perform ChIP-qPCR in
growing yeast and spores. Hho1 binding increases over the course of sporulation at
rDNA and at promoters and gene bodies of housekeeping genes GAPDH, SEC13, and
TUB1 (Fig. 3.4B).
To gain insight into the changes occurring in the genome-wide Hho1 binding
pattern during sporulation, we performed chromatin immunoprecipitation followed by
massively parallel sequencing (ChIP-seq) using yeast in which HHO1 was tagged with
the FLAG epitope. Yeast were cross-linked and harvested before sporulation was
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induced (0Hr) and 48 hours after sporulation was induced (48Hr). Hho1-3XFLAG ChIP
signal was normalized to a mock ChIP signal obtained from yeast with un-tagged Hho1.
To compare the 0Hr and 48Hr data sets, we scaled the data (multiplied by a constant) to
reflect the ratio of Hho1 protein present at 0Hr and 48Hr, as measured by western blot
(Fig. 3.1E).
A scatter plot comparison of Hho1 enrichment genome-wide at 0Hr versus 48Hr
revealed two trends of Hho1 occupancy over sporulation (Fig. 3.4C). The vast majority
of genomic loci increased in Hho1 occupancy (highlighted by a red circle); however, a
second population, encompassing approximately 260 genes, showed a fairly constant
Hho1 occupancy between 0Hr and 48Hr. These genes were enriched in the Gene
Ontology categories of gluconeogenesis (GO:0006094, P-value 1.7 x 10-6) and stress
response (GO:0006950, P-value 3.4 x 10-6), both of which include genes that are
expressed in the later stages of sporulation (Joseph-Strauss et al, 2007). These results
suggest that Hho1 may compact the mature spore genome through a general increase in
genome-wide occupancy, with the exception of genes that are expressed late in
sporulation.
To obtain a high-resolution view of Hho1 occupancy over genes, we generated a
composite plot for Hho1 enrichment relative to the transcriptional start and end sites
(TSS and TES) of all genes (Fig. 3.4D). This genome-wide data revealed a striking
enrichment of Hho1 binding in nucleosomal linker regions in both the 0Hr and 48Hr
datasets, having the same periodicity but opposite phase as nucleosomes mapped in a
previous study (Zhang et al, 2011). Interestingly, Hho1 was also detected in 5’
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nucleosome-depleted promoter regions (NDRs), but not at 3’ NDRs at the ends of genes.
Indeed, Hho1 enrichment increases most significantly at the 5’ NDRs between the 0Hr
and 48Hr time points. These findings suggest that Hho1 may contribute to spore genome
compaction and to stabilization of the transcriptionally silent chromatin state by increased
binding over both the promoter and body of genes.

Figure 3.4 Hho1 binds linker DNA and helps to compact the spore nucleus by increased binding
genome-wide (opposite page)
(A) ChIP-qPCR of Hho1 within the gene bodies of GAPDH and TUB1 shows the specificity of the
antibody against endogenous Hho1. Hho1 ChIP was performed in vegetatively growing WT (set to 100%)
and hho1∆ cells. An IgG ChIP control was performed in WT cells. (B) ChIP-qPCR shows Hho1 binding
increases at various housekeeping genes (Gene) and their promoters (Prom) in mature spores compared to
yeast before the onset of sporulation. Cells were cross-linked in pre-sporulation media (0Hr) and after 48
hours in sporulation media (48Hr). (C) Comparison of Hho1 enrichment genome-wide before (0Hr) and
after (48Hr) sporulation. The majority of loci show increased enrichment in spores (circled in red). A
small population of loci shows constant Hho1 enrichment and overlaps significantly with genes expressed
in the spore (P value < 0.01). Each dot corresponds to a 100-bp section of the genome. The X and Y
coordinates represent the total normalized tag counts. Total tag counts between the two conditions were
scaled to reflect Hho1 protein levels as determined by western blot. The dotted red line marks the 1:1
enrichment ratio. (D) Hho1 binding pattern averaged over all genes (5’ and 3’ ends) before (0Hr) and after
(48Hr) sporulation. Scaled tag counts for Hho1-3XFLAG ChIP and mock-IP datasets were binned in 15-bp
intervals relative to the TSS (left panel) or TES (right panel) of 6,576 genes. The ChIP values were then
normalized to the mock-IP values, and plotted with a 3-bin moving average. Also shown are occupancy
levels of nucleosomal midpoints measured in the same genetic background (Zhang et al, 2011).
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3.2.5 Hho1 is required for efficient sporulation and plays a role in the progression of
meiosis
Hho1 has been implicated in sporulation, although its function in this context
remains unclear (Patterton et al, 1998). To investigate this potential role, we created
hho1∆ diploid yeast, induced WT and hho1∆ yeast to sporulate, and compared their
sporulation efficiencies (percentage of cells induced to sporulate that become mature
spores) after two days in sporulation media. Interestingly, hho1∆ yeast show a
statistically significant decrease in sporulation efficiency compared to that of WT yeast
where 53% of hho1∆ yeast become mature tetrads compared to 64% of WT yeast (Fig.
3.5A). Thus, Hho1 is necessary for efficient sporulation in S. cerevisiae.
In order to better characterize the sporulation defect seen in hho1∆ strains, we
compared the meiotic progression of WT and hho1∆ diploids. Both were induced to
enter sporulation synchronously, and samples were taken at the indicated time points.
Cells were stained with DAPI and the number of nuclei per cell was counted. After 48
hours in sporulation media, the hho1∆ culture composition contained three times as many
dyads – cells with two nuclei – as the WT culture, indicating that a percentage of hho1∆
yeast arrest between the first and second meiotic divisions (Fig. 3.5B). In addition,
hho1∆ yeast show a two-hour lag in timing of meiotic divisions compared to WT yeast
(Fig. 3.5C). These results suggest that Hho1 may play a role in the progression of
meiosis.
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Figure 3.5 Hho1 is required for efficient sporulation and plays a role in the progression of meiosis
(A) hho1∆ yeast show a decrease in sporulation efficiency, or the percentage of cells induced to sporulate
that become tetrads, compared to WT cells. (B) hho1∆ yeast show a three-fold increase in the percentage
of cells that become dyads compared to WT yeast. (C) hho1∆ yeast are delayed two hours in their
progression through meiotic divisions compared to WT yeast. A sporulation time course indicates the
percentage of cells with a single nucleus (Veg) or three or more nuclei (Tetrad).
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3.2.6 Hho1 and Ume6 are depleted during meiosis and show a high genome-wide
binding correlation
Hho1 depletion may be required during meiosis if it represses the transcription of
genes that are expressed specifically during meiosis. It was previously shown that the
master repressor of early meiotic genes, Ume6, is actively degraded during meiosis to
permit the activation of early meiotic genes (Mallory et al, 2007). Since Hho1 protein
levels are also reduced early in meiosis (Fig. 3.2C), we compared the profiles of Ume6
and Hho1 protein expression in the same sporulation time course using western blot
analysis (Fig. 3.6A). A quantitative analysis of the western blot revealed that Hho1 and
Ume6 are depleted at the onset of meiosis with similar kinetics when normalized to H4
levels, which remain relatively constant over the course of sporulation (Fig. 3.6B).
During vegetative growth, Ume6 binds to a specific sequence upstream of early
meiotic genes and recruits co-repressors (Anderson et al, 1995; Goldmark et al, 2000;
Kadosh & Struhl, 1997; Park et al, 1992). Upon entry into meiosis, Ume6 is degraded by
the APC complex, and early meiotic genes are then activated (Mallory et al, 2007).
Moreover, ume6∆ yeast show major meiotic defects due to the de-regulation of the
tightly-controlled meiotic transcriptional program (Steber & Esposito, 1995; Williams et
al, 2002). Similar to Ume6, linker histones in other eukaryotes have generally been
associated with transcriptional repression (Croston et al, 1991).
Recently, a large-scale ChIP-chip study of many chromatin-associated proteins in
vegetatively growing yeast revealed a strong binding correlation between Hho1 and
Ume6 genome-wide [Fig. 3.6C and (Venters et al, 2011)]. Further analyses of these data
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revealed that the correlation in binding between Hho1 and Ume6 is strongest at the
promoters of genes expressed specifically during early meiosis [Fig. 3.6D and (Primig et
al, 2000)]. Indeed, the binding correlation between Hho1 and Ume6 has an R2 value of
0.728 at the promoters of these early meiotic genes compared to an R2 value of 0.497 at
the promoters of all genes in the genome. These binding correlations are much higher
than that seen for Ume6 and Rpd3 (R2 = 10-4), a known co-repressor of Ume6 [Fig. 3.6E
and (Kadosh & Struhl, 1997)]. Moreover, Hho1 shows a very low genome-wide binding
correlation with other strong transcriptional repressors such as Rfx1 (R2 = 10-2), a major
mediator of DNA damage-regulated genes [Fig. 3.6F and (Huang et al, 1998)]. These
results suggest that the association between Hho1 and Ume6 is highly specific, possibly
more specific than the association of Ume6 with its previously established co-repressors.
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Figure 3.6 Hho1 and Ume6 are depleted during meiosis and show a high genome-wide binding
correlation
(A) Hho1 and Ume6 proteins are depleted with the same kinetics at the onset of meiosis (2-4 hours post
induction of sporulation). Western blot analysis of protein extracts from yeast harvested at different times
over sporulation was carried out for Hho1 and Ume6. (B) Quantification of the western blot in (A). Hho1
and Ume6 levels are normalized to H4. (C-F) A ChIP-chip study of many chromatin-associated proteins in
vegetatively growing yeast from (Venters et al, 2011) was analyzed for binding correlations between
various factors. Hho1 and Ume6 binding is well correlated at the promoters of all genes (C), but is most
highly correlated at the promoters of early meiotic genes (D). Such a high correlation is not seen for Ume6
and Rpd3, a known co-repressor in the Ume6 complex (E), or for Hho1 and Rfx1, a strong transcriptional
repressor of DNA damage-regulated genes (F).
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3.2.7 Hho1 enrichment at meiotic gene promoters is Ume6-dependent
Based on the ChIP-chip data analysis, we hypothesized that Hho1 may be
recruited to early meiotic genes by Ume6 to aid in their repression during vegetative
growth. To determine if Ume6 recruits Hho1 to the promoters of meiotic genes, we first
confirmed that Hho1 protein levels are similar in WT and ume6∆ strains (Fig. 3.7A) and
then performed ChIP-qPCR with an antibody against endogenous Hho1 in these strains
grown in pre-sporulation media (Fig. 3.7B). Hho1 binding is comparable in WT and
ume6∆ strains at the promoter and gene body of controls GAPDH, a constitutively active
housekeeping gene, and SMK1, a strongly repressed middle sporulation gene that is not
controlled by Ume6 (Williams et al, 2002). Interestingly, in the absence of Ume6, Hho1
is depleted specifically at promoters, but not at gene bodies, of several early meiotic
genes that are repressed by Ume6: HOP1, MEI4, PCH2, and REC104. The finding that
Hho1 remains bound to gene bodies in ume6∆ serves as a control to show that Hho1 is
not evicted from the promoters of these early meiotic genes due to their aberrant
activation in the absence of Ume6. These data suggest that the binding of Ume6 to the
promoters of early meiotic genes is necessary for Hho1 enrichment at or recruitment to
these loci, although we have not detected a physical interaction between Hho1 and Ume6
(data not shown).
Hho1 enrichment at the promoters of early meiotic genes is Ume6-dependent,
suggesting that Hho1 may help to repress early meiotic genes in vegetatively growing
yeast. It has been demonstrated that Ume6 recruits multiple co-repressors, including
Rpd3 (Goldmark et al, 2000). Thus, we created hho1∆, rpd3∆, and hho1∆rpd3∆ mutants
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and analyzed the levels of early meiotic gene transcription during vegetative growth by
RT-qPCR. While rpd3D shows clear de-repression of early meiotic genes (MEK1,
MSH5, REC104, and SPO11), there is a slight de-repression in hho1∆ and a trend toward
additive de-repression in hho1∆rpd3∆ cells (Fig. 3.7C). This de-repression was specific
to early meiotic genes controlled by Ume6 and not to a middle sporulation gene, SMK1,
or a constitutively transcribed gene, LEU3. These data suggest that Hho1 plays a subtle
role in the repression of Ume6-controlled early meiotic genes, perhaps stabilizing the
repressive chromatin structure created by Rpd3 and other co-repressors.
Since Hho1 binding to early meiotic gene promoters is Ume6-dependent, we also
hypothesized that Hho1 occupancy specifically at these genes would be reduced during
meiosis, when Ume6 is degraded. To investigate the binding pattern of Hho1 over the
course of sporulation, we performed ChIP with an antibody against endogenous Hho1 at
various points post induction of sporulation (Fig. 3.7D). WT diploid yeast were induced
to sporulate synchronously, and cells were harvested and cross-linked in pre-sporulation
media (0Hr), during meiosis (4Hr), and at the mature spore stage (48Hr).

Figure 3.7 Hho1 enrichment at meiotic gene promoters is Ume6-dependent (opposite page)
(A) Western blot analysis of protein extracts from WT, hho1∆, and ume6∆ strains show that Hho1 protein
levels are comparable in WT and ume6∆ yeast growing in glucose or acetate media. Total histone H4 is
used as a loading control. (B) ChIP-qPCR of Hho1 shows a decrease in Hho1 binding in ume6∆ cells
specifically at promoters (Prom) of early meiotic genes repressed by Ume6 (HOP1, MEI4, PCH2, and
REC104). GAPDH is a constitutively active housekeeping gene and SMK1 is a middle sporulation gene that
is not repressed by the Ume6 complex. (C) RT-qPCR reveals an additive effect of hho1∆ and rpd3∆
mutants in the de-repression of genes that are repressed by Ume6 in vegetatively growing haploid cells
(MEK1, MSH5, REC104, and SPO11). SMK1 is a middle sporulation gene that is not repressed by the
Ume6 complex and LEU3 is a constitutively active gene. All transcripts are normalized to GAPDH. Error
bars represent standard error of the mean (SEM). (D) ChIP-qPCR of Hho1 shows that it is enriched at the
promoters of early meiotic genes before, but not during, meiosis. Cells were cross-linked in presporulation media (0hr), during meiosis (4hr), and in mature spores (48hr).
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In pre-sporulation media (0Hr), Hho1 is enriched at the promoters of early
meiotic genes that are repressed by Ume6 (HOP1, MEI4, PCH2, and REC104) relative to
the promoters of GAPDH, a constitutively active housekeeping gene, or SMK1, a strongly
repressed middle sporulation gene that is not controlled by Ume6 [(Fig. 3.7D and
(Williams et al, 2002)]. During meiosis (4Hr), Hho1 occupancy drops to a basal level at
all loci tested (Fig. 3.7D). In mature spores, Hho1 binding increases at all loci, but most
notably at the promoters of meiotic genes controlled by Ume6 (Fig. 3.7D). These data
suggest that Hho1 is evicted from most of the genome during meiosis (possibly because
its protein levels are depleted at this time), but is enriched specifically at the promoters of
early meiotic genes controlled by Ume6 at all other times during sporulation.
	
  
	
  

3.3 Discussion
The existence of the linker histone in budding yeast was controversial until the
sequencing of the genome revealed a gene – HHO1 – that showed clear homology to
linker histone genes in higher eukaryotes (Ushinsky et al, 1997). Since the discovery of
Hho1, however, its biological function has been unclear, as deletion of the HHO1 gene
shows no striking phenotype in vegetatively growing cells (Patterton et al, 1998). Here,
we characterize the function of the linker histone during S. cerevisiae sporulation and
propose a dual role for Hho1: Hho1 depletion early in sporulation may promote meiosis
while Hho1 enrichment late in sporulation helps to facilitate dramatic genome
compaction in mature spores.
In agreement with in vitro studies of linker histones in higher eukaryotes, Hho1
plays a role in compacting chromatin (Georgieva et al, 2012; Schafer et al, 2008).
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Interestingly, the sporulation process does not involve changes in genome-wide
nucleosome occupancy and positioning, suggesting that there are other factors involved
in compacting the spore genome (Zhang et al, 2011). We found Hho1 to be highly
enriched in spore chromatin, and yeast lacking Hho1 show an increase in the size of the
spore nucleus (Figs. 3.1 and 3.3). Thus, Hho1 plays a role in genome compaction in the
later stages of sporulation. Indeed, our Hho1 ChIP-seq data demonstrate a general
increase in Hho1 binding genome-wide in mature spores (Fig. 3.4).
Additionally, we provide the first in vivo high-resolution, genome-wide evidence
that the linker histone binds to nucleosomal linker DNA. Hho1 enrichment at the 5’ end
of genes has the same periodicity, but opposite phase as nucleosomes mapped in a
previous study [Fig. 3.4D and (Zhang et al, 2011)]. It has been suggested that in
vegetatively growing yeast, Hho1 binds dynamically to the genome and is displaced from
genes by the transcriptional machinery (Schafer et al, 2008; Zanton & Pugh, 2006).
Thus, we propose that in the transcriptionally silent genome of the spore, Hho1 may fill
in the promoters and open reading frames from where it is evicted by active transcription
during the normal cell cycle.
In the sperm of many higher eukaryotes, post-meiotic genome compaction is
achieved by the near complete replacement of histones with highly basic, sperm-specific
proteins called protamines. Yeast do not appear to have protamines to facilitate
compaction of the genome during sporulation, but our data show that the linker histone is
involved in the compaction of the yeast spore genome. Interestingly, evolutionary
studies have suggested that protamines may be evolutionarily derived from linker
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histones (Eirin-Lopez & Ausio, 2009). In agreement with our findings in yeast, several
higher eukaryotic organisms such as zebrafish have no protamines and similarly have a
higher level of linker histone in their spermatozoa (Wu et al, 2011).
While hho1∆ yeast show an increase in the size of the spore nucleus (Fig. 3.3), it
is not a complete de-compaction to the size of the nucleus during vegetative growth.
Moreover, WT and hho1∆ spores show similar abilities to re-enter the cell cycle through
germination (data not shown). Thus, Hho1 may have a redundant compaction function in
the mature spore with other proteins or post-meiotic chromatin features such as H4Ac
and H4S1ph, although the H4S1ph and Hho1 compaction pathways seem to be distinct
[data not shown and (Govin et al, 2010; Krishnamoorthy et al, 2006)]. Interestingly,
H4S1ph, H4Ac, and sperm-specific linker histones are all found in spermatogenesis of
higher eukaryotes (Godde & Ura, 2009; Govin et al, 2010; Krishnamoorthy et al, 2006),
showing conservation of these features.
The second role of Hho1 in sporulation is more complex and appears to be related
to gene-specific repression. It is interesting that Hho1 plays a role in chromatin
compaction in the late stages of sporulation, yet is depleted during meiosis (Fig. 3.2C)
when chromatin is also condensed to a relatively high degree. Thus, we propose a more
specific role for Hho1 in two potential pathways that require its depletion during meiosis.
First, Hho1 may suppress homologous recombination in meiosis, as previously shown in
the context of double strand break repair (Downs et al, 2003). Second, Hho1 may
contribute to compaction of repressed genes that are specifically transcribed during
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meiosis. We are currently investigating a role for Hho1 in regulating meiotic
recombination; however, we have gained insight into the second hypothesis.
We uncovered several links between Hho1and Ume6, the master repressor of
early meiotic genes. Ume6 binds to the promoters of early meiotic genes and recruits corepressor complexes containing Rpd3 and Isw2 to repress these genes until early meiosis,
when Ume6 is degraded via action of the APC complex (Goldmark et al, 2000; Kadosh &
Struhl, 1997; Mallory et al, 2007). First, we observed that both Ume6 and Hho1 protein
levels drop with similar kinetics during meiosis (Fig. 3.6A and B). In addition, Ume6
and Hho1 show a high degree of binding correlation at early meiotic genes (Fig. 3.6C-F),
and Ume6 promotes Hho1 binding specifically to the promoters of these genes (Fig.
3.7B). Finally, Hho1 binding to these Ume6-repressed early meiotic genes is enriched at
all times during sporulation except during meiosis (Fig. 3.7D).
These data suggest that Ume6 recruits Hho1 to early meiotic genes along with the
Rpd3 and Isw2 complexes to repress the transcription of these genes until meiosis. The
de-repression of early meiotic genes in ume6∆ leads to severe meiotic defects, seen to a
lesser extent in rpd3∆ yeast (Steber & Esposito, 1995; Vidal & Gaber, 1991; Williams et
al, 2002). When induced to sporulate, hho1∆ yeast show a three-fold increase in cells
that are arrested between the first and second meiotic divisions (Fig. 3.5B), a phenotype
similar to, though less severe than that seen in ume6∆ yeast. The slight de-repression of
early meiotic genes that we observed in hho1∆ yeast, although less pronounced than that
in ume6∆ or rpd3∆ yeast, may contribute to de-regulation of the meiotic transcriptional
program, resulting in meiotic arrest [Fig. 3.7C and (Goldmark et al, 2000)]. This arrest is
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not seen in the majority of hho1∆ cells induced to sporulate, likely because the other corepressor complexes recruited by Ume6 compensate for the lack of Hho1 in many cells.
Indeed, when combined with the rpd3∆ mutation, hho1∆ shows a slight increase in derepression of meiotic genes over that seen in the rpd3∆ mutant alone (Fig. 3.7C).
We have shown that Ume6 helps to recruit Hho1 to chromatin; however, we have
not detected a physical interaction between Hho1 and Ume6 by co-immunoprecipitation
(data not shown). Thus, we are still investigating the basis of their interaction, which
may be through other co-repressors associating with Ume6 or an unknown scaffolding
protein. Alternatively, Hho1 may be phosphorylated to affect the interaction, as linker
histone association to chromatin is dynamic and affected by phosphorylation in higher
eukaryotes (Lever et al, 2000). Moreover, the heterochromatin protein HP1 has been
shown to recruit specifically methylated H1 to the promoters of genes involved in the
immune response in C. elegans (Studencka et al, 2012). Thus, it is possible that in S.
cerevisiae, post-translational modification of Hho1 or Ume6 may alter their association.
Additional insight may be gained into the link between Hho1 and Ume6 by
investigating the mechanism by which Hho1 is depleted during meiosis. Our study was
initially triggered by detection of an overall increase in Hho1 protein levels in mature
spores relative to vegetatively growing yeast (Fig. 3.1); however, further investigation
revealed that Hho1 protein levels are strongly reduced during meiosis (Fig. 3.2C and
3.6A), a time when new H2A, H2B, H3, and H4 are synthesized and loaded onto
replicated DNA. Hho1 protein levels begin increasing after meiosis is completed,
peaking in mature spores. Comparison to transcription showed that, unlike the S-phase-
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specific transcription of the other core histone genes (Gunjan et al, 2005), HHO1
transcription appears to take place throughout sporulation, peaking as meiosis ends.
These data suggest that Hho1 depletion during meiosis is controlled post-transcriptionally
by a pathway yet to be determined, as we have seen Hho1 depletion in the absence of a
functional APC complex (data not shown).
Although Hho1 levels are largely depleted during meiosis, a basal level of Hho1
protein is detectable and binds to the genome (Fig. 3.2C and 3.7D). Hho1 has been
shown to prevent homologous recombination in the context of double stranded DNA
breaks (Downs et al, 2003). Some Hho1 may remain bound to the genome during
meiosis in order to prevent excessive homologous recombination, resulting in meiotic
defects if Hho1 is absent. Interestingly, linker histones have also been shown to be
essential for meiotic progression in plants (Prymakowska-Bosak et al, 1999).
Overall, our data reveal Hho1 to be a versatile protein subject to intricate
regulation. Its Ume6-dependent recruitment to early meiotic genes supports a growing
body of evidence that linker histones, although ubiquitous throughout the genome, may
play specific roles in the repression of related genes via transcription factor recruitment
(El Gazzar et al, 2009; Lee et al, 2004; Mackey-Cushman et al, 2011; Studencka et al,
2012; Vicent et al, 2011). In addition, Hho1 plays a role in genome compaction
specifically in the late stages of sporulation. Moreover, its role in spore genome
compaction is consistent with an evolutionary link to the protamines of higher eukaryotic
gametogenesis. Future studies will further unravel physiological roles of the once elusive
yeast linker histone in the complex process of sporulation.
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3.4 Materials and Methods
3.4.1 Antibodies
Hho1 antibody was obtained from Abcam (ab71833 lot 586128). H4 antibody
was obtained from Active Motif (39269 lot 11908001). Ume6 antibodies were obtained
from Abcam (ab37630 lot GR13708-1) and Sigma (GW22454A lot 029K1664). H4Ac,
H4S1ph, and H3S10ph antibodies have been described in (Govin et al, 2010).
3.4.2 Yeast strain construction
Strain genotypes can be found in Table 3.1. Strains used for sporulation and
germination time courses were in the W303 background. The nuclear size assay was
performed in the S288c background. Chromatin purification, ChIP sequencing, and
meiotic transcription analysis were performed in the SK1 background. The hho1∆ and
ume6∆ strains were made by replacing the HHO1 and UME6 genes with the KanMX3
marker. The dit1∆ and rpd3∆ strains were made by replacing the DIT1 and RPD3 genes
with the TRP1 marker. The Hho1-3XFLAG strain used for ChIP sequencing was made
by c-terminal fusion of the endogenous HHO1 gene with the 3xFLAG-KanMX3
construct. The cdc16-1 strain was a gift from Dr. Randy Strich, University of Medicine
and Dentistry of New Jersey. All disruption alleles or epitope tags were constructed
using PCR-based gene replacement (Longtine et al, 1998).
3.4.3 Sporulation induction and spore analysis
For sporulation, diploid yeast were grown in pre-sporulation media (2% Bacto
Peptone, 1% Yeast Extract, 2% K Acetate) for approximately 15 hours to an OD600 of
approximately 1. Yeast were then washed with water and resuspended in sporulation
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media (2% K Acetate supplemented with auxotrophic amino acids) at OD600 = 2.
Samples were taken for western blot or RT-qPCR analysis at the indicated time points.
Progression through sporulation was determined by fixing cells equivalent to 1 OD600 in
50% ethanol at various time points post induction of sporulation. Cells were then
incubated in 100µL of 10µg/mL 4’,6-diamidino-2-phenylindole (DAPI) stain (Sigma) for
10 minutes. The cells were washed once in water and then placed on a glass slide. A
Nikon Fluorescent upright microscope was used to count 200 cells for each sample.
Cells with one nucleus were counted as vegetatively growing yeast; cells with two nuclei
were counted as dyads; and cells with three or more visible nuclei were counted as
tetrads. Sporulation efficiency was determined after 48 hours incubation in sporulation
media and equals the percentage of cells induced to sporulate that became mature tetrads.
Nuclear size assays were performed as previously described (Krishnamoorthy et al,
2006).
3.4.4 Purification of chromatin in yeast and spores
The preparation of nuclei was based on published methods (Gregory & Horz,
1999; Kizer et al, 2006). A dit1∆ mutant was used to make possible the digestion of the
spore wall by Zymolyase. In brief, yeast or spores were incubated with two volumes of
2.5mM EDTA, 0.7M β-mercaptoethanol for 30 minutes at 30°C. Cells were centrifuged
at 3000g and washed in 1M Sorbitol. Cells were resuspended in 1M Sorbitol, 5mM βmercaptoethanol. Cells were incubated with Zymolyase 100T (0.4 mg/mL) at 30°C for 15
minutes to one hour in order to achieve complete digestion of the cell wall. The digestion
was monitored by adding 1% SDS to 20µL of the digestion reaction and taking the OD at
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600nm. The digestion was considered complete when the OD600 dropped by 95% (see
Fig. 3.1B). Cells were washed in 1M Sorbitol with a Protease Inhibitor Cocktail
(Complete, Roche). Cells were lysed by osmotic shock in 7 volumes of 18% Ficoll,
20mM potassium phosphate (pH 6.8), 1mM MgCl2, 0.5mM EDTA. Nuclei were purified
by centrifugation at 30,000g for 30 minutes at 4°C. Purified nuclei were then incubated
on ice for 30 minutes. Acid extraction (to enrich for basic proteins) was accomplished by
resuspending the purified nuclei in 0.4M H2SO4. Centrifugation at 20,000g for 15
minutes at 4°C removed precipitated debris. Proteins from the supernatant were
precipitated by addition of 20% TCA, pelleted by centrifugation, and washed in acetone,
0.05% HCl, then again in acetone alone. The pellet was briefly dried, and proteins were
resuspended in water and resolved on an SDS-PAGE gel.
3.4.5 Yeast whole cell extract preparation and western blot analysis
Yeast cells were harvested by centrifuging cultures at 4000 rpm for 2 minutes at
4°C. The cells were washed with ice-cold water once and broken in lysis buffer (50mM
Tris-HCl at pH 7.4; 300mM NaCl; 0.5% NP-40; 10% glycerol; 1mM EDTA pH 8;
protease inhibitors that included pepstatin, leupeptin, aprotinin, and 0.5mM PMSF;
phosphatase inhibitor cocktail from Sigma) using silica beads and bead beater (BioSpec). The lysate was sonicated (Bioruptor, Diagenode) for 5 minutes and cleared at
14,000 rpm at 4°C for 15 minutes. The supernatant was collected and stored at −80°C.
Protein estimation was determined using Bradford dye. Extracts were resolved on SDSPAGE gels and images of the resultant gels or western blots were taken with a Fujifilm
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LAS-4000 imager. Quantification and contrast adjustment of images were carried out
with ImageJ software.
3.4.6 RNA analysis
RNA was purified using the Qiagen miRNeasy purification kit (217004)
according to the manufacturer's instructions. Reverse transcription was performed using
Applied Biosystems High Capacity RNA-to-cDNA kit (4387406). cDNA was quantified
using standard procedures on a 7900HT Fast-Real-Time PCR machine (ABI). During
vegetative growth, mRNA levels were normalized to ACT1 or GAPDH. During
sporulation, mRNA levels were normalized to NUP85 levels, which appear to be constant
in three independent genome-wide transcriptome analyses (Chu et al, 1998; Friedlander
et al, 2006; Primig et al, 2000). Primers are presented in Table 3.2. Three to four
independent biological replicates were analyzed, and each data point acquired by qPCR
was the average of three independent PCR reactions.
3.4.7 Chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR)
Approximately 50 OD of cells were cross-linked in 1% formaldehyde for 10
minutes at 25°C, quenched with 125mM glycine for 5 minutes at 25°C, and washed with
water. Extracts were made as described above with FA lysis buffer [Hepes 50mM pH
7.5, 140mM NaCl, 1mM EDTA, 0.1% Triton X-100, 0.5mM PMSF, aproteinin (2mg/L),
leupeptin (2mg/L), pepstatin A (2mg/L), TSA (100mg/L), phosphatase inhibitor cocktail
(Sigma P2850)]. Extracts were sonicated 32 x 30 seconds with intermediate incubation of
30 seconds (Bioruptor, Diagenode). Cellular debris were removed by centrifugation at
20,000g for 15 minutes at 4°C. The protein concentration of the supernatant was
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quantified by Bradford assay. 50µg extract were used for input samples. 500µg of
extract were used for Hho1 ChIP with 5µl of antibody per sample. 30µl of Protein G
Dynabeads (Invitrogen 100.02D) were used per sample. Controls with rabbit IgG were
routinely performed and did not show specific signals. Primers are presented in Table
3.2. Three to four independent biological replicates were analyzed, and each data point
acquired by qPCR was the average of three independent PCR reactions. Error bars are
standard error of the mean (SEM).
3.4.8 Chromatin immunoprecipitation followed by sequencing (ChIP-seq)
Hho1-3XFLAG and WT (mock ChIP) diploid cells were grown in pre-sporulation
media (“0Hr”) or sporulated to maturity for 48 hours (“48Hr”). Approximately 50 OD of
cells were cross-linked in 1% formaldehyde for 10 minutes at 25°C, quenched with
125mM glycine for 5 minutes at 25°C, and washed with water. Cells were resuspended
in FA lysis buffer [50mM Hepes pH 7.5, 150mM NaCl, 2mM EDTA, 1% Triton X-100,
0.2% SDS, CPI Mini EDTA free (Roche)]. 1mL Zironia/silica beads were added to each
tube and cells were disrupted 3 minutes X 2 for the “0Hr” sample and 3 minutes X 4 for
“48Hr” sample at maximum speed with intermediate incubation at -20°C for 3 minutes
(Mini-Beadbeater 96, Biospec). Chromatin was washed twice with FA lysis buffer and
sonicated for 30 cycles (30 seconds ON at High level and 30 seconds OFF per cycle)
(Bioruptor, Diagenode). Cellular debris were removed by centrifugation at 14,000 rpm
for 15 minutes at 4°C. Extracts were diluted with 3 volumes of FA lysis buffer without
SDS (final SDS concentration of 0.05%) and incubated overnight with 200µL of antiFLAG M2 Resin slurry (Sigma). The resin was washed to eliminate non-specific binding
and resuspended in 100µL M2 Elution buffer (50ml NaCl, 10mM Tris-HCl, 1mM
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EDTA). 10µL 15mg/mL 3XFLAG peptide was added to elute Hho1-3XFLAG protein
for 60 minutes at 4°C. Reverse cross-linking was performed at 65°C overnight (no
longer than 16 hours) with 2µL Proteinase K (20mg/mL).
ChIP samples were subjected to paired-end sequencing using an Illumina GAII in
accordance with the manufacturer’s instructions. The midpoint coordinate of pair tags
demarcated the binding location of Hho1. Hho1-3XFLAG ChIP signal was normalized
to the WT (untagged) ChIP signal. For scaling the ChIP-seq data as described in (Zhang
et al, 2011), we used ImageJ to quantify Hho1 and H4 band intensities from their
respective western blots. Hho1 signal was normalized to the amount of H4 present
(loading control), and we determined that there was a five-fold increase of Hho1 between
the 0Hr and 48Hr time points (Fig. 3.1E and other replicates not shown). Two biological
replicates of each time point were merged to demonstrate that the resulting patterns were
reproducible, and the relative tag counts at 0hr were set to be one-fifth of those at 48hr,
based on the western blot results.
3.4.9 ChIP-chip data analysis
ChIP-chip data was obtained from (Venters et al, 2011). For all TAP-tagged
proteins, signal intensities were normalized against an untagged control IP. The
maximum value of the two promoter probes designed for each gene was used as a
measurement of the promoter binding by each protein. A standard coefficient of
determination was computed after removing genes with partial or missing measurements.
We performed the same analysis solely for genes in cluster 4 of the transcriptional
clustering performed in (Primig et al, 2000), which are genes expressed in early meiosis.
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3.5 Tables
Table 3.1 Yeast strains
Strain
JB60*
JB69#
JB70#
JB71#
JB72#
JB89*
JB90*
JG50#
JG51#
JG65
JG186^
JG192
JG196#
LNY150
RSY954
W1588-4C
*

Genotype
MATa/MATα hho1::KanMX3/hho1::KanMX3
MATa rpd3::TRP1
MATα rpd3::TRP1
MATa hho1::KanMX3 rpd3::TRP1
MATα hho1::KanMX3 rpd3::TRP1
MATa ume6::KanMX3
MATα ume6::KanMX3
MATa hho1::KanMX3
MATα hho1::KanMX3
MATa/MATα leu2::hisG/leu2::hisG trp1::hisG/trp1::hisG
lys2-SK1/lys2-SK1 his4-N/G/his4-N/G ura3-SK1/ura3-SK1
ho::LYS2/ho::LYS2 dit1::TRP1/dit1::TRP1
MATa/MATα hho1::KanMX3/hho1::KanMX3
MATa/MATα his3-200/ his3-200 leu2-1/ leu2-1 ura3-52/
ura3-52 trp1::hisG/trp1::hisG
MATa/MATα HHO1-3xFLAG::KanMX/ HHO1-3xFLAG::
KanMX
MATa/MATα leu2::hisG/leu2::hisG trp1::hisG/trp1::hisG
lys2-SK1/lys2-SK1 his4-N/G/his4-N/G ura3-SK1/ura3-SK1
ho::LYS2/ho::LYS2
MATa/MATα cyh2R-z/cyh2R-z ho::LYS2/ho::LYS2
leu2::hisG/leu2::hisG lys2/lys2 trp1::hisG/trp::hisG
ura3/ura3 cdc16-1/cdc16-1
MATa RAD5 leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1
his3- 11,15

Isogenic	
  relative	
  to	
  W1588-‐4C	
  
Isogenic	
  relative	
  to	
  LNY150	
  
^
Isogenic	
  relative	
  to	
  JG192	
  
#

Table 3.2 Primers
Gene/Locus

Primer Sequence (5’-3’)
F: TTTTTTACATATTCCCACACCTTGG
DIT1
R: TCCTCAACCTTCACGACACAAT
F: TCCACGTGCAGAACAACATAGTC
GAPDH Promoter
R: ATGAACATGCTCCTCCCCC
F: TTACACCGAAGATGCCGTTG
GAPDH Gene Body
R: GCGTGAGTGTCACCCAAGAA
	
  

	
  126	
  

Source
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
This study.
(Pierce et al,
1998)
R. Strich
R. Rothstein

F: GATCATTGAAGGGCTCACGG
R: GGACGACTGGATCCCTTACGT
F: AAAGCCGCTGGTCCAAGAA
HOP1 Promoter
R: TTGGGTCCTGTATATGTCTTGTAAATCA
F: CAAATAACCCAGTCACGGGC
HOP1 Gene Body
R: GAACTTCCAATCCACATTCGC
F: CTGTATATTCCGTGCAAGCATTTC
LEU3
R: TTAAGGGAGGCCAGAACGTG
F: TTTAGAAGAGTAAGGACATGAGTAGAGGC
MEI4 Promoter
R: TTTGTTCCATATCTTCCAGTTTGC
F: CCAAAACGATCCAAAATGGCT
MEI4 Gene Body
R: TTGCCATCTCCCTGGTCG
F: CACTCCGGAATACTGCGCTC
MEK1
R: GCTTTTCTGTTTGCTCTGAATCC
F: GGCAGGGTTCTTGAGCTGG
MSH5
R: AATCGCGCCATAAATATCGC
F: CAGCAAAGAGTTTTCTGCATACGTATCAGG
NUP85
R: ATTAAACACTCTGTCATCACCTAAATCACGG
F: GAAAGTTTCCCAAAAGACCGTTTA
PCH2 Promoter
R: TTCTTGGCCAGTTATAATCGAAGTC
F: ACTCCTTGTCCATGGTCCTCC
PCH2 Gene Body
R: GCTTTGCATAACGTTGTTTTACCTG
F: GAAGAAAAGAACATACAGCAACTTGG
REC104 Promoter
R: TCTTCCTCCTCGATGGACATG
F: AAATCTGCAACAGTATCTCTTCCGT
REC104 Gene Body
R: CATGCATACTGGGTCGCCT
F: AAATGGTCGTCATAGCTAATGCG
SEC13 Promoter
R: GAACAGCGTCATGGATTAATTCG
F: GGTACTACTTCCCCAATAATCATCG
SEC13 Gene Body
R: AGAGTTAACGCCAATGGCATG
F: TTTGTTTGCCCACCGCTAA
SMK1 Promoter
R: TTTGCCGCCTATTTTTTTCG
F: TGTGCACATTGAATGGCTGTT
SMK1 Gene Body
R: CCCTAGCGAGACCAAAATCG
F: CTCCAACGTGGAATTGTTTCAA
SPO11
R: TCCAGCCACTGGACTACGTTT
F: TTCTCGCCACCCAAGATCTG
TUB1 Promoter
R: CTCTCATTGTTTGTTTGCAGTTGTAA
F: ATCAAAGGCATTCCATGAGTCC
TUB1 Gene Body
R: CAAGCGTTTGTAATTTCTGACAC
HHO1
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CHAPTER FOUR
DISCUSSION AND FUTURE DIRECTIONS

4.1 The role of BRD4, the acrosome, and histone hyper-acetylation during
mammalian spermiogenesis
The essential histone-to-protamine transition in sperm was described long ago,
but the enzymes and chaperones required for this process are still largely a mystery.
Histone hyper-acetylation and acrosome formation have both been implicated in
chromatin remodeling during spermiogenesis, but a connection between these two
distinct processes was uncertain. We have identified a potential link – BRD4 – between
nuclear chromatin remodeling and extra-nuclear formation of the acrosome.
While BRDT is believed to aid in the removal of acetylated histones from the
spermatid genome, this role is complicated by the fact that BRDT plays an essential
transcriptional role during meiosis and thereafter (Gaucher et al, 2012). Moreover, it is
unclear how the binding of BRDT to acetylated histones would facilitate their subsequent
removal or degradation. It has been suggested that BRDT may “squeeze” acetylated
histones free from the genome by forming BRDT homodimers or polymers; however, no
evidence for this mechanism has been provided during spermiogenesis (Gaucher et al,
2012; Pivot-Pajot et al, 2003). The idea of a force-providing polymer used for histone
removal and chromatin condensation, however, is intriguing.
Recent studies have demonstrated an interesting relationship between postmeiotic chromatin compaction and the developing acrosome (De Vries et al, 2012; KangDecker et al, 2001; Yao et al, 2002). It has been hypothesized that the forming
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acrosome/acroplaxome provides contractile force to the elongating spermatid nucleus via
interaction with F-actin bundles in the surrounding Sertoli cell (Kierszenbaum & Tres,
2004). Because BRD4 is found in a ring that is closely associated with the actin/keratincontaining acroplaxome, it could potentially bind acetylated histones and provide force
via the acroplaxome for their removal. It is also possible that BRD4 serves merely as a
tether between chromatin and the acroplaxome to facilitate chromosome movement.
It is currently unknown whether histones are degraded within the nucleus or
shuttled out first. If shuttling does occur, it is unclear how this happens on such a large
scale or whether histones and other nuclear components are degraded in the cytoplasm or
merely expelled in cytoplasmic droplets that spermatids shed during differentiation. Due
to its location next to the region of the nuclear membrane that retains nuclear pore
complexes, BRD4 is at an ideal location to shuttle histones out of the nucleus. BRD4
could act directly to facilitate shuttling or interact with other chromatin components, such
as BRDT. One final possibility is that BRD4 shuttles acetylated histones out of the
nucleus and into the acrosome, which is related to the lysosome and could potentially
provide a depository for proteins that must be degraded. Indeed, proteomic analysis of
the mouse acrosomal matrix revealed the presence of some histones (Guyonnet et al,
2012).
Future functional and proteomic studies of the acrosome, BRD4, and associated
proteins are needed to elucidate their interaction. While injection of testes with actin
stabilizing or depolymerizing drugs could reveal a requirement for acroplaxomemediated force in removal of histones via BRD4, this treatment may affect other critical
cellular processes that rely on functional actin structures. The future use of acrosomal
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mouse mutants will be useful in studying the chromatin composition of spermatids and
sperm in the absence of acrosome formation.
Post-meiotic histone hyper-acetylation, observed by western blot analysis and
immunofluorescence, has been correlated with histone removal from the genome, but its
exact role in this process is still unknown (Grimes & Henderson, 1984; Meistrich et al,
1992). This study is the first to show the relative increase in acetylated histone H4 in
round spermatids by mass spectrometry and to provide a genome-wide map of several
histone H3 and H4 acetylation PTMs. ChIP-sequencing in round spermatids revealed
that H3K9/27ac and H4K5,8,12, and 16ac are enriched at the promoters of active genes.
However, the ChIP-seq data also showed spreading of H4K8,12, and 16ac into intergenic
regions, which may be important for the eventual removal of histones, as a recent study
showed that histones were 10-fold more enriched at genic regions in mature mouse sperm
(Erkek et al, 2013). ChIP-sequencing of histone acetyl PTMs in elongating spermatids
will likely reveal further spreading of histone acetylation from genic regions and perhaps
reveal other interesting changes in histone occupancy and histone PTMs.
Although the study of how histones are removed en masse from the genome is
critical to understanding fertility, it is equally important to investigate how specific
histones are retained during spermiogenesis. This study has used ChIP-sequencing to
provide evidence for a specific chromatin signature of histones bound for retention in
mature sperm. However, future studies are needed to elucidate how these histones are
“protected” from eviction. Mass spectrometry of nucleosomes from elongating
spermatids and mature sperm may lead to identification of potential protective or
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insulating factors that may bind to these nucleosomes in a developmental, sequencespecific manner.	
  
While it is becoming easier to perform ChIP sequencing and mass spectrometry of
all relevant chromatin features in mature sperm and even specific spermatogenic cell
populations, these experiments provide only correlative data. Future functional studies
are needed to elucidate the enzymes and chromatin-associated proteins that are directly
involved in the post-meiotic histone-to-protamine transition. Knockout mice are often
not useful for such studies, as ablation of many key proteins that may be involved in postmeiotic processes, such as BRD4, results in embryonic lethality or an arrest in meiosis
(Celeste et al, 2002; Houzelstein et al, 2002). Thus, the field would benefit from
increased use of conditional knockout mice with spermiogenesis-specific Cre
recombinase expression.
Determining the role of specific proteins and histone PTMs in the generation of
fertile sperm via mouse knockout models is complicated, as potential embryonic defects
may be due to haploinsufficiency of the gene in question rather than the improper
formation of the sperm. An alternative to genetic manipulation is the treatment of male
mice with small molecule inhibitors. Unfortunately, JQ1 and other inhibitors of
bromodomain-containing BET proteins are relatively non-specific with regard to the
different BET family members. Long-term treatment with JQ1 results in a meiotic arrest;
however, treatment over limited amounts of time may allow targeting of post-meiotic
cells and reveal functional roles of BET family members during genome compaction
(Matzuk et al, 2012). The use of specific inhibitors of other enzymes, such as the
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different families of HATs or HDACs, may be useful in determining which enzymes are
responsible for histone hyper-acetylation and subsequent histone removal.
Ultimately, use of knockouts and drug treatment does not allow for fine-tuned
analyses of proteins such as domain or residue mutagenesis. Unfortunately, a reliable
cell culture system for spermatogenesis does not exist, mainly due to the fact that the
cellular milieu of the tests is so complex and reliant upon support by Sertoli cells (Dores
et al, 2012; Hess et al, 2006). Several labs have tried to establish an in vitro system for
differentiation of germ cells, but the resultant cell populations are low in number and of
dubious identity (Easley et al, 2012; Hayashi et al, 2011). Thus, studies rely on the
isolation of cells from a heterogeneous population of cell types in the testes. However, it
is difficult to obtain sufficient and pure cell populations, especially cell types that make
up a relatively small percentage of total cells in testes, such as spermatogonia. In
conclusion, the field is in dire need of a better cell culture system.
Finally, perhaps the best way of studying the role of chromatin compaction in the
context of fertility is to look to the human system. Indeed, several studies have shown
interesting connections between chromatin composition and human infertility (Rajender
et al, 2011). Close cooperation with fertility clinics may provide access to invaluable
resources and human samples to elucidate the chromatin signature of infertile sperm.

4.2 Hho1 and chromatin compaction during yeast sporulation
Surprisingly little is known about chromatin transitions during post-meiotic
chromatin compaction in yeast or human. TH2B, once thought to play a major role in
mammalian post-meiotic chromatin remodeling due to its vast incorporation into the
	
  

	
  132	
  

spermatid genome, was recently shown to be dispensable for chromatin compaction due
to compensation by H2B and certain histone PTMs (Montellier et al, 2013). This study
underscores the difficulty of studying chromatin function in higher eukaryotes, which
possess multiple histone genes and multiple histone variants. The continued use of lower
eukaryotic model systems, such as yeast sporulation, is important for functional
investigation of specific histone residues and other homologous chromatin-related
proteins.
A simple proteomic analysis of yeast spore chromatin revealed an enrichment of
Hho1, the yeast linker histone. Although the function of the linker histone in yeast was
previously unclear, this study provides evidence that Hho1 helps to repress meiosisspecific genes in dividing yeast and to compact the yeast genome in the post-meiotic
phase of sporulation. Incredibly, genome compaction in yeast spores is accomplished in
the absence of protamines and without a major change in histone occupancy genomewide (Zhang et al, 2011). It is interesting to consider that the linker histone, which has
been evolutionarily linked to protamines, may have a protamine-like compaction function
in yeast (Eirín-López & Ausió, 2009).
Increased expression of Hho1 in spores could simply lead to chromatin
compaction through an increased ratio of linker histone to nucleosome. However, it is
possible that post-translational modification of Hho1 or its unique double globular
domain structure could facilitate interesting higher-order chromatin structures involving
inter-nucleosomal interactions that are not possible in higher eukaryotes, which express
linker histones with only one globular domain. Targeted mutation of the different
domains of Hho1 will help to define the regions necessary for spore chromatin
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compaction. In addition, chromatin immunoprecipitation followed by mass spectrometry
could reveal sporulation stage-specific binding partners or PTMs of Hho1 that may
provide insight into its functional versatility.
Regardless of the mechanism of Hho1 chromatin compaction in spores, it is clear
that other pathways are involved, as deletion of HHO1 does not result in a full
decompaction of the spore nucleus. Interestingly, histone acetylation increases in the
post-meiotic phase of sporulation, similarly to mammalian spermatogenesis (Govin et al,
2010). Although this acetylation does not lead to histone removal, it may provide a
binding platform for the yeast BET family protein, Bdf1. Combined mutational analysis
of the Bdf1 bromodomains and the histone H4 tail could provide evidence for a direct
functional interaction. Because Bdf1 is required for progression through meiosis, an
inducible expression system or JQ1 treatment may be of use to study the post-meiotic
function of this protein (Chua & Roeder, 1995).
Bdf1 is a BET family protein with N-terminal bromodomains that show
substantial sequence homology with higher eukaryotic BET family members. Thus,
study of histone acetylation and Bdf1 in chromatin compaction during yeast sporulation
could provide useful insight into mechanisms used in spermatogenesis of higher
eukaryotes. It is possible that Bdf1 forms polymers to condense chromatin, as has been
observed with BRDT and BRD4 [this study and (Pivot-Pajot et al, 2003)].
Although post-meiotic compaction is achieved by very different mechanisms in
yeast and mammals, yeast sporulation is still a useful tool for studying chromatin
compaction in general. Histones are highly conserved from yeast to mammals and
genetic manipulation, especially of histones, is much easier in yeast. A mutational screen
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of histones H3 and H4 has identified interesting residues that may be involved in
chromatin compaction, either through post-translational modification or by providing
binding platforms for proteins capable of facilitating chromatin condensation (Govin et
al, 2010). ChIP sequencing of putative PTMs of these residues may provide insight into
how they function genome-wide. In addition, proteomic analysis of wild type and
histone mutant spores may help to identify chromatin-binding factors involved in spore
chromatin compaction. Finally, sporulation screens using the available yeast deletion
collections could identify proteins required for post-meiotic chromatin events that may be
evolutionarily conserved.
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